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of cancer. Next come specialized enzymes that recognize the DNA structure left 
behind and cleave the DNA backbone at precisely the spot where the base has been 
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Figure 4. Base excision DNA repair pathway (BER). BER recognizes base pairs in DNA in wtrich one 
of the bases has suffered some form of chemical modification that will lead to mutations in the 
subsequent round of DNA replication if not repaired. 


removed. Then a special DNA repair polymerase, here DNA polymerase p. uses 
the undamaged base as a template to put the normal C back in. The last step 
involves rescaling, or ligating, the DNA backbone using a DNA ligase. Figure 4 
also shows a protein called Xrcc 1 . which serves as a scaffold of sorts by interacting 
with polymerase P and DNA ligase. Xrccl functions to coordinate the action of 
these other enzymes, and defects in Xrccl activity have been associated with 
increased risk of various cancers (Divine cl al.. 2001). The BER pathway is the 
main defender against DNA damage resulting from normal by-products of cellular 
metabolism, very frequently ROS (Mol ct al.. 1999; Hocijmakcrs. 2001). A 
common example of this type of oxidative damage is 8-oxo-G. which can occur 
when reactive oxygen reacts with G bases in DNA. Unlike a normal G base, which 
will pair only with C during the next round of DNA replication. 8-oxo-G 
frequently pairs with A. thus generating a G : C-to-T : A mutation in the newly 
replicated DNA. Therefore, as for the U:G mispairs described above, it is critical 
that the BER pathway remove 8-oxo-G before the next round of DNA replication 
occurs. There are also several DNA glycosylasc enzymes that recognize 8-oxo-G. 
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Figure 5. Beruola] pyrene dG structure. Benzofcijpyrene b a potent environmental carcinogen 
commonly found in cigarettes and car exhaust. It will react with a G base in DNA to create a large, 
bulky chemkal modification that dbrupts the double-hehcal DNA structure. Left uncorrected, this 
lesion leads to mispairs in subsequent rounds of DNA replication. (From http://www.nyu.edu/rts/ 
pubs/connect/arch hcs^8springbroydedna.html.) 


and defects in some, for example, the MutY homolog protein, correlate with an 
increased risk of colorectal cancer (Sampson et al.. 2005). 

The NER pathway serves to repair damaged DNA that has been chemically 
modified to the point where it is distorting the normal helical structure of the DNA 
duplex, and this structural distortion is key to the initial step in the pathway, 
recognition of DNA damage (Dc Silva ct al.. 2000: Hocijmakcrs. 2001: Fuss and 
Cooper. 2006). Benzo(a)pyrenc is a potent carcinogenic chemical found in 
cigarettes and car exhaust, and its chemical reaction with G bases in DNA creates 
a large, bulky modification (Figure 5) that is recognized by proteins in the NER 
pathway. Another commonly occurring mutation repaired by NER results from 
chemical cross-linking of neighboring T bases, which also distorts the local DNA 
stmeture. This is one of the most frequent chemical changes in DNA caused by 
exposure to sunlight (we will see below that defects in NER can give rise to 
conditions in which victims show an extreme sensitivity to sunlight). The overall 
process of NER can be divided into two distinct subpathways (Figure 6), global 
genome repair (GGR). which surveys all chromosomes for structurally distorting 
damage, and transcription-coupled repair (TCR). which is activated specifically in 
regions of DNA that are in the process of being decoded by RNA polymerase 
(remember that DNA codes for RNA. which in turn codes for a protein whose 
amino acid sequence derives from the DNA sequence). In the TCR pathway 
the stalled RNA polymerase is displaced from the DNA by the CSB and CSA 
proteins, whereas in the GGR pathway distorting damage is recognized by the 
XPC/hHR23B protein pair and/or the DDB1/DDB2 protein pair. From this initial 
recognition step, the pathways converge and there is a sequential recruitment of 
proteins to the site of damage, with each protein performing a specific function. 
TFI1H is a multiprotein complex containing XPB and XPD. each of which serves 
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Figure 6. Nucleotide excision repair pathway (NER). NER recognizes and repairs DNA lesions that 
distort the overall structure of double-helical DNA. Two subpathways have been identified: global 
genome repair (GGR), which surveys the entire genome for such lesions, and transcription-coupled 
repair (TCR). which acts on DNA that is actively being decoded into RNA. (See insert for color 
representation.) 


to unwind the DNA duplex in opposite directions, creating a bubble of about 25 to 
30 base pairs. The XPG protein and XPF/ERCC1 protein pair are endonuclease 
enzymes that position themselves at opposite ends of the bubble and cut the DNA 
backbone. XPA and RPA serve to stabilize the bubble structure by binding to DNA 
and also help to position the endonucleases. Once the DNA strand containing the 
damage has been cut. this protcin-DNA complex is released and the gap is filled in 
by DNA polymerases (e.g., Pol 5. Pol c), thus restoring the original DNA sequence 
to the damaged area. 

Many of the initials used to define specific proteins in these subpathways come 
from the names of diseases that result if that protein is defective. For example, 
defects in the function of various XP proteins result in the condition xeroderma 
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pigmentosum (XP). a rare disease (1 in 250.000 in the United States) in which 
victims suffer an extreme sensitivity to sunlight and a very high incidence of skin 
cancer (xeroderma — mild, abnormal dryness and roughness of skin; pigmentosum 
pigmented areas of the skin). Defects in either CSA or CSB result in Cockayne 
syndrome (CS). which also causes sensitivity to sunlight but does not increase the 
risk of cancer. CS. however, unlike XP. results in severe mental retardation and 
premature aging (Hoeijmakers. 2001; Fuss and Cooper. 2006). 

As noted above, the MMR pathway t performs in conjunction with DNA 
polymerases as they work to make a complete duplicate of the DNA pnor to 
cell division. Here we provide a brief description of some of the proteins involved 
in MMR and note that identification of mutations in MMR genes from colon 
cancer tumors was the first time that cancer had been linked to defects in any DNA 
repair pathway (Fishcl ct al.. 1993; Fishcl and Kolodner. 1995). As for BER and 
NER. the first step in the MMR pathway is specific recognition of the damage 
(Hoeijmakers. 2001; Jascur and Boland. 2006). The example in Figure 7 shows 
that the MSH2/MSH6 protein pair recognizes a mismatched G:T base pair. 
Different protein pairs in the MMR pathway can recognize DNA damage resulting 
from insertion or deletion of several bases on one strand, but for the sake of brevity 
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Figure 7. Mismatch repair pathway. Mismatch repair functions together with DNA polymerase 
to ensure high-fidelity copying of the genetic material, and can recognize mismatched base pairs 
in the genome independent of DNA polymerase. 
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wc consider simple mismatches that occur when DNA polymerase makes one of 
its rare errors. Interestingly, once bound to DNA at the site of the mismatch, the 
structure of the MSH2/MSH6 pair changes to form a closed ring that can then slide 
along the DNA. It is likely that multiple MSH2/MSH6 pairs recognize the 
mismatch and undergo this structural change. The MSH2/MSH6 complexes 
recruit yet another protein pair. MLH1/PMS2, which assists in displacing the 
stalled DNA polymerase from the growing daughter strand as well as in recruiting 
an exonuclcase that will remove all the DNA in that strand from the point where 
the mismatch proteins encounter the DNA polymerase back to the DNA mismatch 
itself, a distance that could be as much as 1000 bases. The final step is resynthesis 
of the missing stretch of DNA. which again restores the original DNA sequence. 

In the early 1990s researchers followed genetic clues suggesting that defects in 
the MMR pathway may be linked to a specific cancer called hereditary non - 
polyposis colorectal cancer (HNPCC). Indeed, they discovered a clear association 
between mutations in the MSH2 gene that rendered its protein nonfunctional and 
the occurrence of HNPCC (Fishel ct al., 1993). This was a dramatic verification of 
an idea that had been percolating for some time: that defects in a cell's ability to 
deal with commonly occurring mistakes made by DNA polymerases increased the 
overall mutation frequency to the point where critical regulatory genes controlling 
cell proliferation themselves suffered mutations, thereby significantly increasing 
the risk of getting cancer. At the present time, defects have been identified in each 
of these three DNA repair pathways (BER. NER. MMR) that correlate with 
increased risks in the occurrence of specific cancers (Table 1). 


TABLE 1. Cancers Resulting from Defects in Repair Pathways 


Repair Pathway 


Cancer Type 

Disease 

Base excision repair 

MUTYH 

XRCC1 

Colorectal 

Lung 


Nucleotide excision 

XTC. XPE. XPF. 

Skin 

Xeroderma 

repair 

XPV. XPA. XPG, 
XPD. XPB 


pigmentosum 


CSA. C5B 

None 

Cockayne syndrome 

Mismatch repair 

MLH1. MSH2. 3. 6. 

PMS2. MSH6 
XRCC4 

Colorectal and others 
Breast 

Hereditary nunpolyposis 
colon cancer 

Nonhoxnologous 

NBS1 

B-cell nun- Hodgkin's 

Nijmegen breakage 

end joining 


lymphoma 

syndrome 


UG4 

Breast 

Ug 4 syndrome 

Homologous 

recombination 

BRCA1. BRCA2. 
CHEK2 

Breast and ovarian 

Familial breast cancer 


WRN 

Multiple 

Werner syndrome 

DNA damage 

ATM 

Multiple 

Ataxia telangiectasia 

signaling 

ATR 

Breast, ovarian, 
and lung 

Seckel syndrome 
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The final two DNA repair pathways. NHEJ and HRR . specialize in repairing a 
particularly devastating form of DNA damage, a double-strand break (DSB). DNA 
DSBs arise from a number of different insults that cells must contend with: for 
example, exposure to ionizing radiation, x-rays, free radicals resulting from 
certain chemical reactions (remember ROS. mentioned earlier), as well as during 
normal DNA replication across a single-stranded DNA break. In fact, the 
intentional creation of DNA DSBs is an important aspect of two critical events 
that take place in specific cell types: (I) the generation of antibodies by immune 
cells in response to invasion by a foreign substance, and (2) the segregation of 
chromosomes dunng meiotic division to produce gametes (i.e., sperm and egg 
cells). However, our focus here will be on the repair of unwanted DSBs, and how 
defects in specific components of these two pathways increase the risk of 
developing certain cancers. 

The choice of whether to use the NHEJ or HRR pathway to repair a double- 
strand break depends largely on at what stage in its life cycle a cell finds itself in. 
Dunng and immediately after the cell has copied its complete DNA content in 
preparation for the next division, it will typically use the HRR pathway. This is 
because duplicate copies of each chromosome lie immediately next to each other, 
and if one has suffered a double-strand break, the information in the undamaged 
partner (typically referred to as its sister chromatid . or more simply, sister) can be 
used to replace the missing information in the damaged chromosome (for this 
short period of lime the cell actually carries four copies of all chromosomes). 
However, for most of a cell’s life the chromosome pairs are not in close proximity, 
and the cell typically uses the NHEJ pathway under these circumstances. 

Because double-strand breaks arc such a severe form of DNA damage, cells 
have evolved sophisticated DNA damage-signaling systems that slow or slop the 
progression of cell growth in order that enough time is available for DSB repair 
to finish. Two important signaling molecules that work in the very early stages of 
the cell’s recognizing the occurrence of DSBs arc the ATM and ATR proteins. 
Defects in the ATM protein that inhibit its function cause the radiation-sensitive, 
cancer-prone disorder ataxia telangiectasia (AT), hence the denvation of the 
name ataxia telangiectasia mutated (ataxia = loss of coordination; telangiectasia 
enlargement of blood vessels, causing redness of the skin). Defects in the ATR 
protein (ataxia telangiectasia related) also result in a disorder that is prone to 
increased genome instability, referred to as Scckel syndrome. Both ATM and 
ATR belong to a family of enzymes referred to as protein kinases. Kinases arc 
enzymes that chemically modify other proteins by attaching a phosphate group 
to specific amino acids, thus altering their activity in a manner that promotes the 
overall function required. Once ATM and ATR sense the presence of DNA 
breaks, their kinase function is activated, resulting in their phosphorylating 
numerous other proteins that serve to slow cell growth and activate the NHEJ and 
HRR pathways. 

The NHEJ pathway gets its name nonhomologous end joining because it simply 
involves pasting the broken ends of DNA back together and does not require that 
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the two chromosomes share any homology. However, because the broken ends 
always suffer some processing (c.g., deletion or addition of one or several bases), 
the sequence of the repaired DNA will not be the same as the original. Hence, 
NHEJ is referred to as an error-prone pathway. The Ku70/Ku80 protein pair has a 
very high affinity for binding to the ends of the DNA break, and this binding is the 
first step in NHEJ. Once on board, this complex assists in recruiting the DNA- 
PKes protein. DNA-PKes is the catalytic subunit of a DNA-dependent protein 
kinase. Although we do not currently know all the details of how the kinase 
activity of DNA-PKes is used to promote NHEJ, it is clear that DNA-PKes 
phosphoiylates itself after the repair process is finished and this leads to 
disassembly of the Ku7Q/Ku8G/DNA-PKcs complex. Prior to recruitment of the 
Xrcc4/ligascrV protein pair that seals the break (designated X4 and IV in Figure 8), 
the DNA ends can be processed by a number of enzymes, which result in 
unwinding of the DNA duplex (Werner helicase) and cither the removal of a 
number of bases (via the activity of the Werner and/or MRN complex endonu- 
clease) or possible addition of bases by certain DNA polymerases (c.g., Pol p). 
The MRN complex noted in Figure 8 consists of the Mrell, Rad50, and Nbsl 
proteins, and this complex has many diverse roles in both the signaling events 
following detection of DNA damage as well as direct involvement in DNA repair. 
The Nbsl protein (or nibrin) is named for the Nijmegen breakage syndrome, in 
which defective Nbsl causes an AT-likc disorder characterized by increased 
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Figure 8. Nonhomo I ogous end-joining pathway (NHEJ). NHEJ b one of two major pathways that 
specifically repair DNA molecules that have suffered a double-strand break. NHEJ is considered an 
error-prone pathway because the fragmented DNA ends are processed (bases are added or 
deleted) prior to re-sealing the ends. Therefore, the DNA sequence following repair b not the 
same as the original undamaged DNA (center piece in final product). 
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radiation sensitivity and an increased risk of cancer. Similar diseases result from 
defects in either the Xrcc4 or ligaseJV protein (Table 1). 

As noted at the beginning of this chapter, human cells contain 46 chromosomes, 
and these reside in the cell's nucleus as 23 pairs. The two chromosomes in each 
pair carry essentially identical sets of information and thus are referred to as 
homologs. Repair of DNA damage by the HRR pathway involves the physical 
exchange (or recombination) of DNA sequences from an undamaged chromosome 
to replace the DNA sequences that have been removed from the damaged 
homolog: hence, the term homologous re combinational repair. Therefore, unlike 
NHEJ. which is an error- prone mechanism. HRR is considered to be an error- free 
mechanism. The first step in HRR involves removal of several hundred to 
thousands of bases from only one strand of the DNA at the site of the break 
(Figure 9). and currently it is thought that the MRN protein complex carries this 
out. Although there are many proteins involved in binding to this stretch of newly 
exposed single-stranded DNA, which play roles in cither DNA damage signaling 
or repair of the break, we focus here on the BRCA2 and Rad51 proteins. RadSl 
binds to the single-stranded DNA at the site of the break and uses this DNA 
sequence to find the complementary sequence in the undamaged homolog 
(Figure 9. catalysis of DNA crossover). This results in the formation of crossover 
structures that allow DNA polymerase to synthesize new DNA using the 
undamaged DNA as the template (as described in Figure 2). Hence, the missing 
information removed from the damaged chromosome is restored. In 1994. a 
defective form of the BRCA2 gene was identified in a number of cases of early- 
onset breast cancer (Wooster ct al., 1994, 1995), and later studies showed that a 
specific function of the Brca2 protein involved loading the RadSl protein onto the 
single-stranded DNA at the site of a double-strand break. As a note, defects in a 
related gene. BRCA1 % were identified around this same time in a number of cases 
of breast and ovarian cancers (Castilla et al., 1994). At the present time it is not 
known whether the Brcal protein plays a specific role in the HRR pathway, but it 
clearly has complex roles in both DNA damage signaling and repair. Although the 
majority of breast cancers result from sporadic mutations occurring during the 
course of one's life, of the 200.000 new cases diagnosed in women in the United 
States each year, anywhere from a 5 to a 27% result from inherited mutations, the 
majority of which occur in either BRCAI or BRCA2. In fact, inheriting mutations 
in these genes results in a 40 to 85% lifetime risk of developing breast cancer. 
Thus, additional genetic defects relating to DNA repair have been shown to 
predispose individuals to higher incidences of cancer. 

In summary, defects in all DNA repair pathways have been shown to contribute 
to various types of cancers (Table 1). While specific defects in the repair proteins 
themselves do not necessarily cause cancer, the fact that DNA damage will 
accumulate and persist as a result of these repair defects greatly increases the risk 
that mutations will occur in genes and their encoded proteins that arc critical 
controls of cell proliferation. As an example, the retinoblastoma protein (Rb). 
discussed further in Chapter 3, is one such important component of cell growth 
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Figure 9. Homologous recombinational repair pathway (HRR). The HRR pathway involves phy- 
skal exchange of DNA between homologous chromosomes. If a double-strand break occurs in one 
homolog or sister chromatid immediately following DNA replication, the HRR machinery will find 
the equivalent sequence of DNA in the undamaged homolog and use it to restore the missing 
information in the damaged chromosome. 


control. Survival of an organism relics heavily on precise regulation of cell 
division and proliferation. As a cell grows it proceeds through several defined 
stages, and specific molecular events must occur and reach completion during 
each stage before the next can begin. Together these growth stages arc referred as 
the cell cycle. Progression of the cell cycle depends on timely activation and 
inhibition of Rb (first identified in a retinal tumor), which normally prevents a cell 
from dividing (Giacinti and Giordano, 2006). If defects in DNA repair systems 
result in Rb mutations that would otherwise be repaired successfully but now give 
rise to a nonfunctional Rb protein, the cell cycle progresses in an unregulated 
manner, resulting in uncontrolled cell growth with the concomitant appearance of 
a tumor. This is one of many examples of the catastrophic consequences that can 
result when the cellular DNA repair machinery is compromised. 
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CELL DEATH AND STEM CELL RENEWAL AS A 
CANCER DEFENSE MECHANISM 

In addition to the mechanisms of mutation avoidance and DNA repair described 
above, there are other specific strategics used by multicellular organisms that 
contribute to the defense against the development of cancer and protection of the 
genetic material. Although stem cell biology and the process of programmed cell 
death (apoptosis) arc described in more detail in Chapter 6, we introduce both of 
these ideas here only to emphasize their roles in limiting the cancer potential of 
tissues and organs that suffer accumulated DNA damage through normal meta- 
bolic processes or exposure to external carcinogens. 

From the moment that a new organism starts developing, there are systems in 
place to protect the integrity of the dividing cells and the genetic information they 
contain. During the earliest stages of development, the embryo contains an inner 
cell mass that includes embryonic stem cells , unspccialized cells that have the 
power of self-renewal without differentiating and also have the potential to 
proliferate and differentiate into any kind of tissue (Molofsky et al., 20CM). As 
the development of the organism proceeds, a subset of stem cells that begin 
specific differentiation patterns on the way to forming distinct tissue types will 
remain in a tissue-committed but undifferentiated state. Termed adult stem cells . 
these can proliferate to replenish cells lost due to tissue-specific cell death. Upon 
division, these adult stem cells can generate two stem cells, two differentiating 
daughter cells, or one of each. The outcome will depend on the existing needs of 
the particular tissue or organ: that is. balance between maintenance of the tissue- 
specific stem cell population versus the need for tissue replenishment via terminal 
differentiation (Figure 10). Daughter cells, which upon further divisions produce 
different cell lineages, arc called progenitor cells. They have some ability to renew 
themselves during proliferation, but their cell division potential is limited. This 
hierarchy is exemplified by the hematopoietic system, which generates all blood 
and lymph cell lines (Figure 11). All cells in this system arise from hematopoietic 
stem cells (HSCs), a small pool of adult stem cells that reside in the bone marrow 
(Rcya ct al., 2001). Upon cell division, each HSC will generate larger populations 
of additionally differentiated progenitor cells. These divide and differentiate 
further into mature cell lines that perform specific tasks (immune response, 
carrying oxygen to tissues, aid in blood clotting) but have no ability to divide 
further. A practical consequence of these different cell populations is observed 
when HSC or their descendants are transplanted into mice whose bone marrow has 
been destroyed by radiation: If the transplant consists of progenitor cells, 
hematopoiesis is restored for a few weeks before the transplanted cells die out; 
when hematopoietic stem cells are transplanted, the hematopoietic system is 
restored for the remaining lifetime of the animal. 

In a gnwn living organism, most cells that make up tissues and organs arc 
highly differentiated and have normally defined functions and short life spans. 
Mutations in their DNA will accumulate as a result of continued exposure to toxic 
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Figure 10. Outcomes of stem cell division. Stem cells (yellow) can divide and result exclusively in 
copies of themselves, thereby maintaining their original stem cell properties (sector a), a process 
referred to as self-renewal. Alternatively, their division can initiate a differentiation pathway that 
results in the formation of adult stem cells, progenitor cells, andtor terminally differentiated 
tissue-specific cells (blue; sector b). Because each stem cell division gives rise to two daughter cells, 
the division can proceed through the seH -renewal and differentiation pathways, resulting in mixes 
of stem cells and differentiated celb (sectors c and d). (See insert for color representation.) 

agents and physical insults, as well as multiple rounds of DNA replication and cell 
division. For example, epithelial cells in the colon live on average for 7 days 
before they undergo apoptosis, with the dead cells being sloughed off and removed 
from the body. Certain skin cells, having suffered exposure to environmental 
carcinogens, whether chemicals or sunlight, live for approximately 30 days before 
undergoing cell death and shedding. These cells arc replaced using the tissue- 
sped he adult stem cells described above. Thus, the body uses this system to 
replenish cells that have suffered DNA damage to the point where they could 
become cancerous (remember that XP victims exposed to sunlight will suffer from 
accumulated DNA damage, leading to skin cancer that would occur well before 
this 30-day time frame). 

Two additional considerations arc important to note regarding how stem cells 
avoid the accumulation of mutations. First, stem cells divide only occasionally, 
thereby avoiding the inevitable mutations resulting from errors made by DNA 
polymerase. Second, adult stem cell populations frequently reside in discrete, 
well-protected tissue compartments that are shielded from toxic agents (stem cell 
niches). However, the unique metabolic properties of stem cells create an 
intriguing dilemma regarding their relationship to the development of cancer. 
On the one hand, their features, described above, show how they contribute to 
cancer prevention. In contrast, it has become apparent in recent years that some 
types of cancer probably derive from stem cells. In these cases the cancerous cells 
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Figure 1 1 . Hematopoietic and stromal stem cell differ entiation. Differentiation of hematopoietic 
stem cells in the bone marrow gives rise to all forms of cells found in the blood. These include cells 
functioning in the immune response (natural killer cells, T-and B-lymphocytes, basophils, eosino- 
phils, neutrophils), cells that carry oxygen from the lungs to all peripheral tissues (red bloods cells), 
and celb involved in dotting following tissue injury (platelets). (From httpUVstemcells-nih.goWinfo/ 
basksA>asics4.asp.) (See insert for color representation.) 


share many of the attributes of stem cells. Small populations of tumor-originating 
cells have been identified in cancers of the hematopoietic system [chronic myelo- 
genous leukemia (CML): acute myelogenous leukemia (AML); acute lympho- 
blastic leukemia (ALL)), as well as in some breast and brain cancers. Because of 
their stem ccll-iike properties, these cells have been named cancer stem cells 
(Rcya ct at, 2001; Partial ct al., 2003; Jordan et ai.. 2006). They may originate 
through mutations of normal stem cells or by transformation of progcni tor or 
differentiated cells, which have acquired the potential for self-renewal and 
subsequent uncontrolled proliferation that is characteristic of tumor cells 
(Figure 12). Similar to normal stem cells that express higher drug resistance 
and greater antiapoptotic characteristics relative to differentiated cells, cancer 
stem cells are typically resistant to chemotherapy to an extent greater than are 
more differentiated cancer cells. This would explain the observation that treat- 
ments resulting in complete remission of some primary tumors rarely prevent 
metastasis (i.c., cancer stem cells avoid destruction by initial chemotherapy 
regimens only to proliferate and metastasize when treatment is stopped). Because 
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Figure 12. Mutations in normal stems cells can give rise to cancer stem cells. Fetal stem cells and 
normal adult stem cells derive from embryonic precursor stem cells. Further division of adult stem 
cells will result in self-renewal (more copies of the stem cells themselves) or will proceed down a 
pathway of differentiation, creating cells termed transit amplifying ce/h that will go on to 
maintain adult tissues. A premalignant stem cell can arise by mutation of an adult stem cell, or 
a change in a transit amplifying cell that leads to dedifferentiation and the acquisition of self- 
renewal properties. These can give rise to aggressively proliferating cancer stem cells that self- 
renew unabated by normal control signals. (See insert for color representation.) 

the signaling pathways associated with malignancy also appear to regulate stem 
cell self-renewal, research on therapeutic strategics targeting cancer stem cells 
exclusively have become a matter of utmost importance. 
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EARLY DETECTION 

Cancer treatment can become ineffective as the disease progresses and it has a 
greater chance of success if applied early (Suzuki ct aL, 2006). Cancers progress, 
going from bad to worse. Mutations increase repeatedly, produced from errors that 
are made during duplication of the genetic material [deoxyribonucleic acid (DNA)] 
and from damage caused by chemicals or radiation. As a result, the many cells in a 
tumor develop very different properties. Their multiplication and ability to spread 
through the patient's body (metastasize) become increasingly uncontrolled. Metas- 
tasis is the major cause of cancer death. It makes surgery ineffective. Other muta- 
tions change the targets of therapeutic drugs, and resistance appears to drugs that 
initially were effective (Sortie ct al.. 2003). These changes make killing all the 
cancer's cells very difficult. 
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CANCER DETECTION AND BIOMARKERS 


Most cancers are diagnosed when they have advanced. A symptom or change is 
noticed, such as pain, an unusual lump, bleeding (such as blood in the feces), or 
changes in bowel behavior that raise the suspicion of colon cancer. A skin mole that 
grows or changes color may signal melanoma. But even if one reports these 
warning signs to a physician immediately, the tumor may already be a clump of 
100 million cells or more and too advanced to be treated successfully. 

Earliest possible detection of the disease should improve the chance of successful 
therapy. Early detection has saved many people's lives. The Papanicolaou (Pap) 
smear test identifies early cervical cancer by distinguishing differently stained 
cancerous cells that form abnormal tissue architecture. Unfortunately, this test often 
gives incorrectly positive results. Novel inexpensive techniques that are equivalent 
to the Pap smear have been developed. 

Breast cancer is tested by frequent physical mammary examinations. Mammo- 
graphy for premenopausal women and ultrasound examinations for postmeno- 
pausal women are the most effective methods for breast cancer detection, and 
indeed mammography is the only screening test shown by clinical trials to reduce 
death by 30 % (Houssami ct al.. 2006). Mammograms, colonoscopies, and so on. 
can be of high value in practice. But a more reliable screening method is needed 
because mammography produces false positive results. Newer techniques include 
examination of fluid collected from the several independent ducts of the breast, 
where cancers can begin. Ultrasound imaging or biopsy sampling with a needle 
can help make a more informed decision about whether to have surgery. 

Prostate cancer is tested for by determining prostate-specific antigen (PSA) in 
the blood (Constantmou and Fencley. 2006). This protein can increase 5 to 10 years 
before clinical symptoms appear, and an average of 17 years before death. But this 
test is not an accurate indicator that cancer is present because PSA is also elevated 
by an enlarged noncanccrous prostate, and so can give a false positive result. 
Increases in PSA during a penod of “watchful waiting" may indicate that treat- 
ment is advisable, because it indicates tumor progression. Elevated PSA can be 
followed by biopsy sampling of the prostate. 

Other cancers are found less effectively. Colon cancers may be seen by colono- 
scopic examination and by looking for blood in fecal samples. Neither test is very 
sensitive, and only three-fourths of advanced colon cancer patients were positive 
for both of them. Lung, colon, ovarian, and pancreatic cancers do not show early 
symptoms and so arc often discovered at an advanced stage, when they are very 
difficult to treat successfully. 

X-ray photography shows advanced tumors, but it is not sensitive enough to 
reveal early cancers. Imaging methods with x-rays are being developed to allow 
tumor localization and identification of enzymes that influence their properties 
(Wcisslcder. 2006). Spiral computerized tomographic (CT) screening is a more 
sensitive method, and another is positron emission tomography (PET). New 
computerized systems are used to examine results of mammography, but it is not 
yet clear that they improve detection, and false alarms and biopsies are increased. 
Ovarian cancer may be treated effectively only in stage I. but very unfortunately is 
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usually found at an advanced stage. Its screening with high sensitivity by mass 
spectroscopy reveals patterns from proteins or of protein fragments. The methods 
are being improved to decrease their error rates and to simplify their application. 
Currently recommended guidelines for cancer surveillance techniques are available 
at websites such as the American Cancer Society or NCCN. 


DETECTION WITH BIOMARKERS 

For the reasons just discussed, we are actively searching for much earlier 
abnormalities, such as biomarkcr molecules that are released from tumor cells 
into the blood, where they can be identified. Molecules that differ between cancer 
and normal tissues are being discovered by several techniques (Chanm, 2004; 
Dalton and Friend. 2006). There arc three main classes of biomarkcr molecules: the 
modified DNA sequences, proteins for which they code, and messenger ribonucleic 
acids (mRNAs) which are the intermediates between DNA and protein (Chattcijee 
and Zettcr. 2005). 

DNA 

Markers can be revealed by determining changed sequences of DNA bases in cancer 
cells (Sjoblom ct al.. 2006). Mutated DNAs are found in genes that cause hereditary 
cancers, and these arc valuable for early detection in persons w ith a family history of 
frequent cancer. Examples are the mutated p53 gene responsible for the Li- 
Fraumcni cancer syndrome, and the BRCAI and BRCA2 genes, which arc mutated 
in 15% of breast cancers. Another is hereditary retinoblastoma, caused by a mutated 
gene in one of the two chromosomes. Its nonhereditary mutation in the second gene 
of a cell produces cancer. Appearance in the patient's blood of cells with 
retinoblastoma mutations show the disease's appearance. Some African-Americans 
have inherited a DNA sequence that makes them likely to have prostate cancer. 

Attachment of methyl groups to DNA changes gene expressions and can lead to 
cancer. These were found to provide biomarkers in lung cancer patients' sputum 
up to three years before clinical diagnosis of high-risk individuals who are 
smokers and/or had been exposed to radon, and also in prostate cancer patients. 
Melhylation is in addition to DNA base changes. 


Messenger RNA 

mRNA molecules are copied from DNA into the closely related ribonucleic acid. 
They arc working blueprints of the 15% or so of the cell's genes that arc being 
used. They provide excellent molecular markers because many of them differ 
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between normal tissue and cancers. And they can be measured very sensitively 
because their amounts can be increased greatly by a repetitive reaction named 
reverse transcriptase-polymerase chain reaction (RT-PCR). A technique (or their 
specific recognition is named microarrays. Tens of thousands of short know n base 
sequences are attached at specific locations on a solid surface. mRNAs isolated 
from cells arc revealed by their binding at these locations. The patterns produced 
from normal tissues differs from those from major cancers, including leukemia, 
lymphoma, and adenocarcinoma of lung, breast, and prostate. This technique 
might change the way in which cancer is diagnosed, classified, and treated in the 
clinic, although it requires refinements in reliability. 

Differential display (DD) is an alternative method to identify differentially 
expressed mRNAs. It is used widely to study differential gene expression between 
normal and cancerous cells, and many changes have been identified with it <Liang 
cl al.. 2007). One that is produced from the ras oncogene was shown to encode 
secreted protein IL-24, which is being investigated as a potential cancer diagnostic 
marker in blood. A systematic search revealed 13 candidate mRNA markers in 
blood samples from the vast majority of breast cancer patients (Martin et al.. 2001). 
DD integrates two of the most powerful and commonly used molecular biological 
methods to amplify random sets of mRNAs and then separate the products. The 
high sensitivity of DD is valuable because little cancer material may be available, 
sometimes only a few cells. 


Proteins 

Protein biomarkers can be discovered by a variety of sensitive methods. One is 
binding of specific antibodies to them, which can be shown with color or radioactive 
labeling or a size change. These immunological tests give somewhat variable results 
that depend in part on the concentration of antibody used. Protein biomarkers can be 
discovered by combining immunology with mass spectrometry. Proteomics , a 
microarray technology, is another method for determining the multiple proteins 
in a biological specimen (Pbsadas ct al., 2005). Protcomic signatures of numerous 
differences of sets of markers arc seen, and these can distinguish early- versus late- 
stage disease. Proteins that are involved in cell proliferation indicate metastases of 
prostate cancers. New studies that propose detection of cancer by applying 
proteomics to serum specimens are promising but need confirmation. 


SAMPLING 


A small surgically removed sample of a cancer, a biopsy . can be used to detect 
molecular abnormalities. Lymph nodes can be biopsied for biomarkers of 
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metastascs. A problem arises as to the choice of locations for biopsy sampling 
in a nonuniform cancer. As examples, disseminated tumor cells were frequen- 
tly identified by the presence of mRNA for the structural protein cytokcratin 
20 in lymph nodes and less often in bone marrow, but not by conventional 
pathology after surgery for early colorectal cancer. A signature composed of 
multiple selected mRNAs from the bone marrow of untreated breast cancer 
patients indicated a 3.5-fold greater risk of death. The nsk was 2.9-fold greater as 
estimated immunochcmically by specific binding of an antibody to the target 
protein. 

Microarrays from uterine tissue predict metastasis to lymph nodes. As several 
examples, markers that include collagen XXIII and thymosine bl5 proteins are 
being developed clinically. Several markers detected by immunological protein 
microarrays predict distant spreading of early-stagc breast cancer in young women. 
CA125 is an early ovanan cancer marker. Early cervical cancer has been detected 
immunologically from overexpression of the negative regulatory plb 1 *** 4 * protein. 
a-Fctoprotein is used widely in the detection of liver (hepatocellular) carcinoma 
caused by hepatitis virus, the second most common cause of death in Southeast 
Asia. 

Bodily fluids, especially blood and urine, can contain biomarkers for 
cancer. Some arc located in escaped tumor cells. Others, such as PSA. are 
soluble molecules. Biomarkers for early detection of lung cancer are being 
sought in serum, sputum, and exhaled breath. Peripheral blood of colon cancer 
patients contains tumor-related mRNAs, which might provide an analysis to 
replace colonoscopy. Proteins unique to bladder cancer patients are found in 
blood or urine samples (van Gils et al.. 2005). Mutated mRNA of PSA 
has been found in prostate cancer cells from the blood of prostate patients, 
as well as PSA protein. The PTEN and BRCAI genes and chromosome region 
7q22-23 are commonly altered in higher-grade prostate cancer patients' 
blood, and correlated with early death. The cells usually come from only 
one of the many tumors that have developed, and these can be small (0.2 cm 3 ), 
indicating that primary tumor cells frequently escape into blood after they 
have lost PTEN. 

Many tumor-related proteins have been identified in scrum from patients with 
a variety of cancers. As examples, antigens are found in the blood of breast 
cancer patients, of which the most common are protein CA 15-3 and carcino- 
embryome antigen (CEA). used to monitor therapy of patients with advanced 
breast cancer. Numerous other markers, including oncofetal antigens, glyco- 
protein antigens, enzymes and isozymes, genes, and cytokines, are also promis- 
ing. The fecal blood test for detection of colon cancer has limited sensitivity, 
and DNA markers were identified in feces and blood samples from patients. 
Genomic approaches are being taken to cancers of blood cells. Advantages of 
noninvasive sampling include safety, convenience, low bias of sampling, and 
lower cost. 
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PROBLEMS OF EARLY DETECTION 

Allhough biomarkcrs could permit early detection of cancers, they would not 
necessarily show that there is immediate danger. Pancreatic cancer remains a very 
lethal disease because current screening methods are unable to detect it while still 
localized and treatable by surgery. Many small cancers remain microscopic and 
do not progress. This is because they do not produce the new blood vessels 
(angiogenesis) required for their growth. Special biomarkcrs for these micro- 
metastases have been identified in tissues, blood, and urine (Naumov et al.. 2006). 
They do not pose a threat to life, so their treatment is questioned. 

Lung cancer is usually metastatic before it is found and only a few percent of 
patients survive for a few years: and the surgery can be lethal. The value of early 
detection is questionable. In one trial. CT scans showed it in I of 60 randomly 
selected individuals. 80% of whom survived for 10 years after immediate 
treatment. But another recent study reported that lives were not saved by detecting 
lung cancers with CT scans; the same fraction of people died in a control group as 
in the group who had CT scans (Bach et al., 2007). An explanation for these 
different conclusions is that CT scans reveal many early cancers that arc not lethal. 
Many lives could be saved with more powerful techniques that focus on early 
abnormal events in lung cells that, for example, have been shown to precede 
cancer — amplified or missing genes. Designer drugs could potentially target these 
abnormalities. 

So the decision as to whether or not to use therapy is important because risk 
from surgery or chemotherapy might outweigh possible benefits. Techniques 
that have the sensitivity to reveal early cancer must also be capable of 
identifying whether or not they will progress to malignancy. We need biomar- 
kers that distinguish lethal from less dangerous early cancer These could 
include mutations of the pS3 gene that is central to killing cancer cells, 
indicators of shorter survival, and indicators of resistance to chemotherapy. 
Prognostic factors for failure in early-stage breast cancer in young women 
included the progesterone receptor and protein Ki- 67, as well as tumor stage 
and lymph node status. Patients whose cyclin E protein in advanced breast 
cancers has changed were no longer responsive to any chemotherapy. Proteins 
such as phosphorylatcd Akt kinase and CXCR4 appeared in metastatic cancers 
and could indicate that the cancer probably has spread and therefore that surgery 
is less likely to be curative. 


TECHNICAL PROBLEMS 


Biomarkers could be applied today (Bild et al., 2006). Routine cancer detection 
tests should be possible during periodic checkups if they are noninvasive and use 
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sets of established biomarkers. Perhaps 1000 commercial genetic tests are being 
developed for medical problems, including cancer. Although some of these are 
promising, their reliability has not been determined, nor arc they yet closely 
legally regulated (Ransohoff. 2005). Furthermore, effective treatment methods are 
necessary if early detection can improve survival. 

But realizing the potential of biomarkers is a challenge. Several problems 
need to be overcome. Research is necessary to determine whether cancer can be 
found sufficiently early to improve treatment. An earlier detection method's 
usefulness will depend on whether subsequent treatments are effective. The 
decision as to whether to proceed with therapy is a question of benefit versus risk. 
As discussed above, a tumor that is detected might not be lethal, so additional 
biomarkers would be valuable that identify cancers with higher risk of further 
growth and metastasis. Techniques must be standardized and optimized. Sensi- 
tivity should be improved. Although noninvasivc tests recently showed the K -ras 
oncogene DNA to be present in eight of nine cases of both benign and malignant 
colon cancer patients, the majority of cancers found by colonoscopy were not 
revealed. 

A difficulty is that a multitude of random changes arc present in advanced 
cancers. There arc far more mutations of random genes than of the genes that 
contribute to cancer (Sjoblom ct al., 2006). These conceal the few biomarkers 
that frequently distinguish cancer from normal cells. A single marker is there- 
fore not often applied clinically. Sets of the markers that are usually altered are 
needed. Cancer signatures have been identified as sets of mRNAs selected from 
small blood samples taken from breast or colon cancer patients. Such an entire 
group of markers can be examined by an array technique (Martin ct al.. 2001). 
Signatures have been found composed of 76 mRNAs from stored frozen 
specimens of early lymph node negative cancers (Fockens ct al., 2006). A 
problem is to find these rare common biomarkers. Pooling multiple tumor 
samples dilutes infrequent markers, whereas it can retain strong signals for 
markers that are present in most of the samples. A rapid high-throughput 
screening method has been developed for finding mutations in the oncogenes 
of many cancers. 


FURTHER APPLICATIONS OF BIOMARKERS 
Prevention Trials 

Cancer prevention trials can reach a clinical endpoint only after a very long time, 
and their results can then be inconclusive. Five different trials of breast cancer 
prevention with raloxifene or tamoxifen versus placebo produced mixed clinical 
results, probably because of heterogeneity of the patients ‘ tumors. The biomarkers 
designed for earlier detection should permit results to be seen earlier. 
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Therapy Decisions 

Cancers arc not produced by changes of the same genes, and their responses to 
therapies are different. Breast cancers have different clinical properties. The 
receptor protein for estrogen stimulates excessively the growth of 70% of breast 
cancers whose estrogen receptor is elevated (ER-f ). Tamoxifen is an antagonist of 
estrogen that specifically acts against these cancers. Most other breast cancers have 
many copies of HER2. receptor for a human epidermal growth factor protein 
present in blood, and these express a different set of markers. These patients may 
benefit from a different treatment, with an antibody named hcrccptin. The choices 
of therapy can be more complex, for invasive breast cancers can have different 
clinical properties and show five different main patterns of proteins, as identified by 
immunochemistry. Selected markers that show the presence or absence of response 
could predict an individual cancer patient's response to treatments. For example, 
prostate cancer might respond initially to an antiandrogcn therapy to which a more 
advanced cancer would fail to respond. Many prostate cancers require androgen for 
growth and can be treated with drugs that decrease or inhibit androgen, but others 
are hormone independent and therefore require chemotherapies. 


Individualizing Therapy 

The goal is to provide each patient with a specific most effective treatment rather 
than applying a one-fits-all general therapy. A personalized therapy could be guided 
by determining selected biomarker expressions in that patient. Prediction of what 
drugs could be effective against an individual patient’s cancer are being developed 
from biomarkers that identify oncogenic pathways in subtypes of responding 
tumors (Bild et al.. 2006). A set of biomarkers may be helpful in addition to the 
criteria of cancer stage and grade now used, especially for intermediate -grade 
(stage II) cancers. An initial aim could be to predict whether or not to apply che- 
motherapy following surgery. In one study, patients who did not have metastasis to 
lymph nodes were divided into positive versus negative groups as determined by 
expression of 70 genes in the tumors that had been removed. Twenty-three percent 
of those with a positive pattern had recurrence within five years versus only 5% of 
the negatives. 


Surveillance of Patients 

Other uses could come from following changes in biomarkers after treatment. The 
results could be estimated before the clinical reappearance of cancer by measuring 
biomarker patterns, which should change back toward normal if a treatment was 
effective. The protein fibrinogen reverted to normal after surgery; mRNA for the 
protease inhibitor maspin reappeared in the blood after chemotherapy. 
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Conversely, detection of any cancer-related gene or gene product, such as an 
mRNA or protein in the patient s blood, would indicate progression of disease and 
recurrence (Baker, 2004). Proteins CA 15-3 and carcinocmbryonic antigen are used 
to monitor the therapy of patients with advanced breast cancer. The time before 
clinical recurrence is detected can vary from two to nine months, and breast cancer 
recurrence has been found by looking in bone marrow and lymph nodes for an 
antibody specific to cytokcratin. Reappearance of biomarkers could give an earlier 
indication of recurrence. Patients with long versus short times to recurrence and 
survival have been identified with microarrays of sets of mRNAs from the original 
breast tumors. Many practical problems will have to be addressed, however, before 
selective and sensitive genomic tests can be applied clinically. Use of such markers 
will require a database connecting profiles with the results of clinical treatment. A 
first genetic test to predict risk of relapse of breast cancer (Mamma Print) has been 
approved by the U.S. Food and Drug Administration. Ideas similar to those 
presented here have recently been published (Mol ct al., 2007). 
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INTRODUCTION 

Cancer replaced cardiovascular disease as the leading cause of deaths in the 
United States in 2005, a shift that had been forecast in the past few years by the 
National Cancer Institute (NCI) and the Centers for Disease Control and Preven- 
tion. While age-adjusted death rates for cardiovascular disease have been slashed 
by an extraordinary 60% during the last half-century, the war on cancer declared 
35 years ago with the signing of the National Cancer Act in 1971 is definitely not 
won. Admittedly, testicular cancer, Hodgkin's disease, some leukemias, carcino- 
mas of the thyroid, and most childhood cancers currently have impressive cure 
rates, these account for only a small fraction of malignancies. These success 
stories, together with the introduction of revolutionary targeted therapeutics such 
as Gleevec, Herceptin, Iressa. Erbitux. Avastin, and others, have ignited much 
needed enthusiasm, yet these cannot account fully for the impressive financial and 
scientific resources recruited over the years. More important, wc have no therapy 
other than palliation to offer those diagnosed with metastatic disease, and even in 
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locally advanced disease we are still striving (or some degree of certainty. And all 
this is still offered at the cost of considerable toxicity. 

In this chapter we review the various therapeutic modalities used cunently and 
strategies applied to improve efficacy, some of the challenges met in the process of 
testing a new drug in the clinic, and the pharmacogenomic approach and particular 
difficulties in the treatment of metastatic disease. 


THERAPEUTIC MODALITIES 

The standard treatment modalities for patients with cancer include surgery, 
radiotherapy, and chemotherapy. Radiotherapy and chemotherapy arc cytotoxic 
therapies; they kill tumor cells by affecting deoxyribonucleic acid (DNA) 
synthesis directly or by damaging microtubules. Their mechanism of action 
implies that they do not have any selective destructive effect against cancer cells. 
They destroy all rapidly dividing cells, including normally dividing cells in vital 
tissues such as hematologic precursors, gonads, hair follicles, and the lining 
epithelium of the gastrointestinal tract and mouth. Other toxicities may also be a 
result of organ-specific toxicity (c.g., the cardiotoxicity of anthracyclines or 
mediastinal radiotherapy). With regard to clinical efficacy, there arc at least two 
other limitations of cytotoxic therapies besides those related to dosing. First, 
many tumors have moderate or little chcmo- or radiosensitivity. This may be 
inherent or acquired (c.g., as a result of the hypoxia that is common in larger 
tumors, especially in their center). Second, cancer cells tend to develop drug 
resistance rapidly during treatment. Cytotoxic agents have been supplemented 
by hormonal agents, while in recent years the focus of anticancer drug devel- 
opment has shifted dramatically to targeted agents that modulate proteins such as 
kinases, whose activities arc more specifically associated with cancerous cells. 
However, conventional cytotoxic agents remain the mainstay of medical treat- 
ment. The challenge still faced with this cytotoxic approach is how to minimize 
toxicity and maximize anticancer activity. Improvement in clinical efficacy 
includes overcoming therapy resistance and inhibiting regrowth of cancer as a 
result of the limitations incurred to treatment duration in order to avoid lethal 
toxicity. 

Strategics to overcome drug resistance and inhibit tumor repopulation must be 
relatively specific for tumor cells, compared with their effects on normal tissues, to 
improve therapeutic outcome without increasing toxicity. Monoclonal antibodies 
and small-molecule compounds currently introduced in the clinic arc promising 
tools for target cancer therapy. Promising strategies also include those that modify 
the dose schedule of treatment (c.g., accelerated radiotherapy and dose-dense 
chemotherapy) and introduction of therapeutic combinations based on a biologi- 
cally relevant rationale. 
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CHEMOTHERAPY 

The use of drags to cure or control cancer is relatively new compared to the use of 
surgery and radiation. During studies performed for the possible military use of 
nitrogen mustard gas in 1942. people exposed to the agent were found to have low 
white cell counts. This finding was associated with a potential for lowering high 
white blood cell counts in patients with leukemia. The first patient to receive it had 
a response, even though brief. This experiment initiated the era of cancer treatment 
with chemotherapeutic agents. 

While single-agent chemotherapy is sometimes employed, the combination of 
two or more agents has clearly achieved a therapeutic advantage and expanded the 
use of chemotherapy. The use of drag combinations to circumvent tumor resistance 
is a well-established principle of therapy. Malignant cells are not of uniform 
composiUon within a given tumor. Since different classes of chemotherapy affect 
the cells differently, combination chemotherapy has a greater chance of destroying 
a larger number of cancer cells. With few exceptions, effective drag treatments for 
cancer are due to combining agents of known activity, with different mechanisms of 
resistance and minimally overlapping spectra of toxicity, at their optimal doses and 
according to schedules that are compatible with normal cell recovery. 

As already mentioned, chemotherapy comes at a toxicity cost that may range 
from mild to lethal. Conventional cytotoxic therapy chiefly affects proliferating 
cells such as those in the bone marrow, gastrointestinal tract, gonads, and hair 
follicles. Therefore, the prevalent side effects of chemotherapy include myelosup- 
pression. nausea, vomiting, mucositis, infertility, and alopecia. The introduction of 
growth factors that accelerate the regeneration of blood cells and antiemetics has 
allowed the use of higher and more frequent than initially sustained doses of 
chemotherapy and has partially helped relieve some side effects, thus improving 
quality of life. 

The effectiveness of chemotherapy is limited by primary and acquired resis- 
tance to the drug administered, and possibly by tumor cell rcpopulation during 
therapy intervals mandated to avert lethal toxicity. Cancer cells acquire resistance 
to chemotherapy by a range of mechanisms, including the mutation or over- 
expression of the drag target, inactivation of the drug, or elimination of the drug 
from the cell. 

Intervals between courses of chemotherapy are required for the rcpopulation of 
blood by white cells and platelets produced in the bone marrow before the next 
treatment cycle. This is necessary to minimize the chance of infection or bleeding. 
Adequate repopulation proliferating of hematological precursor cells in the bone 
marrow takes about 3 weeks. As mentioned, the introduction in the clinic of 
growth factors that accelerate this process, such as granulocyte-colony stimulating 
factor (G-CSF. also known as filgrastrim). has enabled faster repopulation of the 
bone marrow. Thus, courses of chemotherapy can be given safely at 2-wcck 
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instead of 3-wcck intervals. Randomized clinical trials for which 2-week sche- 
dules with growth factors were compared with standard 3- or 4- week schedules 
have shown improved survival when used as adjuvant treatment for breast cancer 
and for treatment of non- Hodgkin's lymphoma, as well as possibly advanced 
bladder cancer, without an increase in normal tissue toxicity compared with 
conventional schedules. 

High-dosc chemotherapy with autologous stem cell support has been another 
attempt to circumvent bone marrow toxicity and thus deliver higher doses of 
chemotherapy. In this case, patient's stem cells are removed and stored prior to 
chemotherapy and reintroduced after it. Thus, they are not exposed to the toxic 
effects of chemotherapy and they soon reestablish themselves in the blood marrow 
and restore the body's ability to produce blood cells. The benefits of this highly 
toxic approach across the spectrum of malignancies arc still debatable, even though 
it has become important for the consolidation of treatment in some advanced 
disease states, such as multiple myeloma or high-risk advanced testicular cancer, 
after successful initial treatment. Successful use of available drugs depends on the 
ability to design clinical trials to assess optimally the activity of the combination in 
the most appropriate patient population. 


RADIOTHERAPY 

Radiotherapy originates from two nineteenth-century scientific discoveries: the 
discover)* of x-rays by Roentgen in 1895 and then of radioactivity by Becquerel 
in 1896. Over the years, treatment and treatment units have evolved to allow 
for efficient delivery of radiation. Radiotherapy offers a realistic possibility of 
improving local control of disease, although it is ineffective in controlling 
metastatic disease. 

Traditionally, radiotherapy used to treat cancer is administered in small doses ( 1 .8 
to 2.0 gray (Gy)], which arc given, often daily on weekdays, for 5 to 7 weeks. This 
standard of care was established to allow for the recovery of normal tissues from 
sublethal radiation damage between treatments and the repopulation of surviving 
cells in normal tissues during the prolonged overall treatment time. Severe toxic 
reactions might thereby be avoided. This approach, while mandated to prevent lethal 
toxicity, also allows the surviving and possibly more resistant tumor cells to 
repopulate, thereby increasing the number of tumor celLs that must be eradicated. 
There is evidence that these surviving cells may actually proliferate more rapidly in 
this state. The detrimental effects of extending overall treatment time for tumor 
control is established for many malignancies, including squamous cell carcinomas 
of the larynx and pharynx, carcinoma of the cerv ix, and bladder cancer. This effect is 
observed both for primary radiation treatment and for postoperative radiotherapy. 

More recently, two alternative types of radiation fractionation have been used 
effectively: accelerated fractionation and hyperfractionation. With accelerated 
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fractionation , the fractional doses are given more than once daily, and/or treatment 
is continued during weekends. This strategy reduces the overall treatment time, 
thereby providing less opportunity for the repopulation of tumor cells. Unfortu- 
nately, these schedules may also increase acute normal tissue toxicity, because 
there is less time for the rcpopulation of normal tissue. Accelerated fractionation 
has improved local control of Burkitt's lymphoma, a hematologic tumor that is 
known to proliferate rapidly. Accelerated fractionation has been used most 
extensively for treatment of squamous cell carcinomas of the head and neck, 
with a small survival benefit and increased loco-regional control. Hyperfractiona- 
tion delivers multiple smaller fractions per day, using conventional overall 
treatment times, to allow greater normal tissue recover)* to occur in each interval 
between treatments. Accelerated fractionation and hyperfractionation are often 
combined. 

COMBINED RADIOTHERAPY AND CHEMOTHERAPY 


The combination of chemotherapy with radiation has improved survival following 
primary treatment of cancers of the head and neck and uterine cervix, while results 
arc promising for a broader spectrum of cancers, such as lung and bladder cancer. 
Clinical experience has demonstrated that chemotherapy prior to radiotherapy is 
not an efficient combination and that chemotherapeutic doses that can be tolerated 
dunng radiation are small. The mechanism accountable for the benefit of this 
combination is not fully elucidated. Chemotherapy might radiosensitize the tumor 
or have an added antitumor effect. Randomized trials for head and neck cancer 
have shown that concurrent chemotherapy can overcome the effects of prolonging 
the overall treatment time when planned treatment gaps are introduced. Although 
radiation and concurrent chemotherapy is a standard treatment for some types of 
cancer, toxic reactions prevent many patients from completing their chemother- 
apy, especially near the end of radiotherapy, when rcpopulation is most likely to 
occur. Encouraging results have been reported from phase 1 and 11 studies that have 
evaluated concurrent chemotherapy delivered dunng the last part of the radio- 
therapy schedule. 


TARGETED THERAPY 

Molecular-targeted agents arc theoretically the ultimate cancer therapy; as 
they arc designed to destroy cancer cells selectively, sparing the normal tissues 
of the patient. The “magic bullet*’ concept of using antibodies to target cancer 
cells selectively was first proposed by Paul Ehlrich. It took about 100 years 
for its clinical application. Examples of molecular-targeted agents include 
small- molecule inhibitors and antibodies against specific proliferation pathway 
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proteins. Some agents are approved for the systemic treatment of cancer, and 
many others arc in clinical trials. 

Monoclonal antibodies such as trastuzumab, cetuximab. and rituximab have 
now successfully made the critical transition from the laboratory to routine clinical 
protocols for the management of a number of human cancers, such as metastatic 
breast cancer, limited-volume colorectal cancer, and several types of leukemia. 
Small-molecule drugs block specific enzymes involved in cancer cell growth. For 
instance, imatinib is a small-molecule drug that targets abnormal proteins, or 
enzymes, that form inside cancer cells and stimulate uncontrolled growth. It is 
approved by the U.S. Food and Drug Administration (FDA) to treat gastrointest- 
inal stromal tumor (a rare cancer of the gastrointestinal tract) and certain types of 
chronic myeloid leukemia. Gefitimb, which targets the epidermal growth factor 
receptor (EGFR), which is overproduced by many types of cancer cells, is 
approved by the FDA to treat advanced non-small-cell lung cancer. Other 
small-molecule dmgs arc being studied in clinical trials in the United States. 

Most tumors, particularly solid tumors, are usually linked to defects in more 
than one signaling pathway. Therefore, a dual-targeting or multitargeting therapy 
might be rational not only to eliminate cancer cells efficiently, but also to limit the 
emergence of drug resistance. Additionally, many of the recently or currently 
developed molecular-targeted agents inhibit pathways that when activated stimu- 
late the proliferation of tumor cells, thus arresting growth and not killing cells. 
Thus, tumor shrinkage is relatively rare, and when it occurs, is usually delayed. In 
some clinical trials, these agents have been given concurrently and continuously 
with chemotherapy, and some of the results of most trials have been disappointing. 
It is quite possible that these negative results arc due to a central conceptual flaw in 
the design of these trials: By giving an agent that arrests proliferation, the agents 
that kill proliferating cells arc rendered inactive. A logical strategy could use a 
short-acting cytostatic agent between courses of chemotherapy to inhibit the 
repopulation of tumor cells and to stop it before the next cycle so that cells can 
resume proliferation and be maximally sensitive to cytotoxic drugs. Alternatively, 
it could be introduced after the completion of chemotherapy as a long-term effort 
to avert recurrence. It is thus imperative to design studies based on a robust 
biological rationale so as not to waste invaluable human scientific and financial 
resources and condemn a treatment option that if used wisely could improve 
clinical outcome. 


INTRODUCING NEW THERAPEUTIC AGENTS IN THE CUNIC 

Drug development is a lengthy, grueling, and costly procedure from design to 
introduction in the clinic. It takes an average of 15 years to bring an experimental 
drug out of the lab. The central challenge met at initiation of this process is the 
choice of candidate drug that will be streamlined. On average, only 1 in a 1000 
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compounds is chosen. Following the initial basic mechanistic and in vitro studies, 
an important step in the development that weighs critically on this decision is the 
application of robust and biologically relevant preclinical models. 

Preclinical models have been developed in an effort to recapitulate cancer, yet 
they arc in principle different from human disease. Most of them are generated by 
introducing ccILs that arc capable of surviving in vitro in mice that arc immuno- 
compromised. The flaws readily identified are that the host is immunodcficient. and 
additionally, the cancer cells encountered in human disease can survive in vitro 
only rarely. Other models arc based on interfering with gene expression to incur 
carcinogenesis, while solid tumors are not a single gene disease. So following 
preclinical testing on a model that is flawed, yet admittedly the best we have, a 
decision has to be made regarding the fate of the candidate drug. Even though the 
toxicity and pharmacodynamic data that can be harvested from these models have 
proven quite reliable, the same does not apply with regard to drug efficiency. A lot 
of promising compounds were disappointing in the clinic, and we can presume that 
some of those precluded from the clinic might have proven active in humans. 

Once a candidate compound has actually passed ‘preclinical testing* it moves 
onto the Clinical trial step. A clinical trial is a research study in volunteering 
patients with cancer that aims to evaluate and develop new treatments. As some of 
the drugs have mutagenic effects and acute toxicitics. it would be inappropriate to 
test drugs in early clinical development in normal volunteers, as would be the case 
with novel drugs in other diseases. Clinical trials determine whether experimental 
treatments or new ways of using known therapies arc safe and effective under 
controlled environments. The efficient design of a clinical trial is crucial in 
uncovering the activity of a candidate drug. They arc conducted in four different 
phases (http://www.clinicaltrials.gov/ct/infcx/). The typical costs of conducting 
phase I, II, and III clinical trials arc $200,000. $1 million, and $10 million, 
respectively. 

Phase I trials test an experimental treatment for the first time in a small group of 
people (20 to 80) to ev aluate its safety, determine a safe dosage range, and identify 
side effects and study the pharmacokinetics of the agent. Usually, a novel 
anticancer agent is tested in one to four phase I trials to evaluate distinct schedules. 
The aim of this phase should be to identify the best initial dose of the new 
treatment. The maximum dose tolerated has traditionally been the endpoint of 
phase I studies, as conventional cy totoxic agents are associated with strongly dose- 
dependent therapeutic effect and toxicity. A narrow therapeutic index is one reason 
for abandoning a drug after phase I trials. 

In view of the new targeted therapies introduced in the clinic, the understanding 
that more is not always more effective becomes imperative. The main endpoint for 
phase I trials should be to determine the optimal biological response with the least 
toxicity; oncopharmacogcnomic studies must be performed in tumoral biopsies to 
assess the target inhibition. Usually, patients recruited for phase I have no other 
therapeutic option, and treatment starts with a low dose of a drug. If the first group 
tolerates the dose, the next group receives a higher dose, and this escalation seizes 
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when the toxicity that ensues precludes any further increase. Since almost nothing 
is known with regard to the clinical aspects of the drug at initiation of these 
studies, very few patients arc expected to benefit clinically. In fact, only around 4% 
of patients accrued in a single agent and 17% of those participating in combination 
studies achieve an objective response. Even though patients are informed of the 
aim of the study and they accept the fact that they may have no therapy effect, the 
disappointment of a posttreatment scan showing progression of disease is almost 
always unavoidable. To expedite phase I studies and to minimize the patient 
population that may be treated suboptimally, alternative trial designs have been 
used, including a faster dose-escalation strategy or recruiting a single patient in 
each dose level until toxicity occurs, following which larger numbers entered. 

In phase II trials, the experimental study drug or treatment is given to a larger 
group of people to sec if it is clinically effective and to evaluate its safety further. 
Evaluation of effectiveness is usually achieved by using tumor shrinkage as a 
surrogate. Phase II trials are typically conducted in live to 10 tumor types. A phase 
II study may also serve to refine the dose of the treatment tested. For examples 
patients participating in phase I studies have typically already received multiple 
myclosuppressive chemotherapy regimens; they may then be more susceptible to 
the myclosuppressive effects of the investigational agent than patients who are 
receiving the drug as front-line therapy in a phase II study. 

In phase III trials, the experimental study drug or treatment is given to large 
groups of people (1000 to 3000) to confirm its effectiveness, monitor side effects, 
compare it to commonly used treatments, and collect information that will allow 
the experimental diug or treatment to be used safely. Effectiveness is defined as 
definitive evidence regarding the benefit-to-risk profile of the experimental 
intervention relative to a placebo or an existing s land ard-of-c arc treatment. 

In phase IV trials, postmarketing studies delineate additional information, 
including the drug's risks, benefits, and optimal use. 

Although improved survival is the “gold standard*' for proving clinical benefit 
of oncologic therapy in phase III studies, the FDA has accepted significant results 
in clinical trials using surrogate endpoints as the basis for drug approval to 
expedite a procedure that would otherwise require large long-term and very costly 
trials. This accelerated approval (A A) process was introduced in 1992 to secure 
rapid availability of new interventions, particularly for diseases providing risks of 
death or serious illness. It allowed marketing of interventions show n to have strong 
effects on measures of biological activity if those measures are potential 
“surrogates" for true measures of tangible clinical benefit. What appears quite 
challenging is the definition of a reliable surrogate to avoid compromising what is 
truly in the best interest of public health; the reliable as well as timely evaluation 
of an intervention's safety and efficacy. The biological marker chosen for 
surrogate must not only be correlated with the clinical endpoint but also reflect 
the net effect of the intervention on the clinical endpoint. The latter, although 
ideal, is rarely feasible. A biological correlate does not always lie in the causal 
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pathway of the disease progression and clinical outcome. Thus, the candidate 
therapeutic may be affecting only the surrogate, not the disease. Examples of such 
correlates are tumor markers such as carcinoembryonic antigen (CEA) for colon 
cancer and prostate-specific antigen (PSA) for prostate cancer. Their increase is 
usually the result of increased tumor growth. Since they can be estimates of tumor 
burden and thus likely morbidity/mortality risk, they can be efficient tools for 
follow-up. They are not. however, the mechanism through which the disease 
process induces increased risk of the morbidity mortality, so it is questionable 
whether treatment-induced changes in these markers could be relied on to predict 
accurately treatment-induced effects on the clinical endpoints. Furthermore, even 
if the suggested surrogate is considered causal in cancer morbidity/mortality, the 
candidate therapeutic may be unlinking it from the clinical outcome, and then the 
effect of treatment on clinical efficacy endpoints could be over- or underestimated 
by the effect on the proposed surrogate. 

Tumor reduction falls under this category and has been the preferred surrogate in 
trials. Even though in general this has been a successful surrogate for improved 
survival, clinical studies of a variety of oncologic agents have not consistently 
demonstrated a correlation between the two: even more so when we arc evaluating 
cytostatic rather than cytotoxic agents. Results from several clinical studies suggest 
that patients with solid tumors such as lung cancer may derive clinical benefit from 
treatment that helps stabilize their disease. In this case the benefit cannot be 
recognized readily by a trial designed to identify tumor shrinkage. Of course, the 
reverse could also occur with a tumor shrinkage not necessarily corresponding to a 
long-term clinical benefit. 

To compensate for the lack of ideal surrogates, the AA process expedites 
marketing for interventions when they have been shown to have compelling effects 
on biological markers, where these effects are “reasonably likely to predict clinical 
benefit 0 , on the condition that the sponsor will complete, in a timely manner, one 
or more clinical trials that will validate that the intervention truly docs provide 
meaningful clinical benefit or tangible measures of clinical benefit. These valida- 
tion trials should meet all of the usual criteria for quality of trial conduct and 
reliability of conclusions, including the usual levels for statistical strength of 
evidence, which would be required for providing full regulatory approval in non- 
AA settings. The challenge faced should be more or less anticipated: Lack of 
accrual as the experimental therapy is available in a nonresearch setting. 

In fact, clinical trials suffer from limited participation in general. According to 
the NCI, fewer than 5% of adult cancer patients ever participate in a clinical trial. 
There are a multitude of reasons for this, including lack of awareness and reluc- 
tance of the patient to inquire overtly about trials as well as unrcccptivc physicians 
and strict eligibility criteria. If this number increased, new treatments would be 
evaluated much faster. Ultimately, use of a variety of endpoints as well as different 
trial designs may provide an adequate basis for expediting the benefit-nsk 
assessment of newer therapies. 
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PHARMACOGENOMICS IN CANCER TREATMENT 

Pharmacogcnomics investigate the influence of genetic variation on drug response 
in patients by correlating gene expression or single-nucleotide polymorphisms 
with a dmg*s efficacy or toxicity. Pharmacogcnomics aim to develop rational 
means to optimize drug therapy with respect to the patient's genotype, to ensure 
maximum efficacy with minimal adverse effects. Pharmacogcnctic research has 
always fascinated the media. It has created a great deal of optimism regarding 
personalized cancer therapy, as in essence it revolves around the most basic 
concept of individualized medicine. It is simple and gratifying, as it promises 
improved outcome and less toxicity, and of course there arc economic implica- 
tions. making it particularly alluring to investors to “get in at the start" of a 
revolution in drug treatment. Enthusiastic descriptions of the possibility of per- 
sonal “bar codes ” or routine generation of pharmacogcnctic profiles prior to 
treatment with drugs have appeared in the scientific and popular press, driven by 
the expectation that investigators would move swiftly through the pathway from 
single-gene studies to predictive profiling. 

Understanding the variable response to drugs seems particularly pressing in 
the field of oncology, in which the stakes are high (failure to cure cancer usually 
leads to death), drugs commonly have a narrow therapeutic index, and toxicitics 
can be severe (a significant frequency of toxic death is a feature of most acute 
myeloid leukemia protocols, for example). There arc a number of different 
steps necessary for applying pharmacogncnetics toward truly personalized 
medicine: 


1. Identification of significant genes 

2. Integration of multiple genes into a profile 

3. Demonstration that use of the profile to direct therapy improves outcomes 

4. Acceptance of the profile on a population-wide basis, not just in specia- 
lized research centers (this is probably the most challenging) 

In 25 years of research and despite the original enthusiasm in the scientific 
community, only two genotypes have been identified. TPMT polymorphism, 
identified in 1980 by Weinshilboum and Sladek. can predict the toxicity of 6-MP. 
a drug used to treat some types of leukemia and the consequences of therapy, and 
UGT1 predicts toxicity for innotecan. a chemotherapeutic agent used exten- 
sively for the treatment of colorectal cancer. Notwithstanding these findings, a 
recent review of current clinical practice in Europe indicated that only half the 
clinicians actually thought pharmacogcnctic testing to be useful, suggesting 
comfort with traditional trial-and-crror-based drug dosing. Data on improved 
outcomes will probably need to be compelling to overcome this hesitation in 
clinical practice. 
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CHALLENGES OF TREATING METASTATIC 
AND MICROMETASTATIC DISEASE 

Most cancer patients succumb to the disease because it has spread to other sites. 
Current approaches to treatment, such as chemotherapy surgery and radiation 
therapy, arc limited in their success by the presence of metastatic disease. With 
very scarce exceptions, such as testicular cancer, the prognosis of metastatic 
disease is grim. Treatment with chemotherapy or radiation offers only palliation. 

Statistics make it clear that interruption of the metastatic process could 
be useful for a majority of those with cancer. According to data collected by the 
Surveillance, Epidemiology, and End Result (SEER) Program of the NCI, of 
the four most common cancers, fewer than 10% of breast and prostate cancer 
patients, 20% of colorectal cancer patients, and 40% of lung cancer patients had 
detectable distant mctastascs at diagnosis (the period 1988-2001). For patients 
with breast, colorectal, and lung cancer, another 29 to 37% already had tumor cells 
in lymph nodes. These people are at the highest risk of metastasis. Invasion has 
already happened, even though we lack the imaging technology of sufficient 
sensitivity to verify it and identify at which step of micrometastasis the disease is 
diagnosed. 

The absence of success in treating metastatic disease dictates considerable 
changes both in prcclinical and clinical research involved in the discovery and 
development of drugs with antimctastatic properties. The challenges faced include 
the identification of targets strongly linked to tumor mctastascs. development of 
biologically relevant and robust prcclinical screening models, and the design of 
clinical development strategies that will maximize the opportunity to demonstrate 
clinical benefit. 

But why do available drugs fail? The steps in metastasis include invasion, 
survival in the bloodstream, and colonization of the site of metastasis. For 
colonization, the least efficient of the metastatic steps, to occur successfully, it 
is imperative that the microenvironment or “soil” interacts favorably with the 
metastatic cells or “seed." Unfortunately, in humans, only the end stages of the 
metastatic process are observed, when a metastatic lesion is sufficiently large to 
be imaged. Thus, compounds that interrupt any of the interactions required prior to 
establishment of a metastasis may not have conventional efficacy (complete and 
partial responses) in patients that have an already established metastasis. At this 
point, the microenvironment has already developed alternative interaction, 
growth, and survival pathways, making most attempts at controlling disease 
unsuccessful or at best less successful than at an earlier disease stage. 

The concept that the earlier in cancer progression that an effective drug is given, 
the better, is supported very strongly by the trastuzumab paradigm. Trastuzumab is 
a monoclonal antibody that acts on the HER2 Ineu (crbB2) receptor. Hcrccptin's 
principal use is as an anticancer therapy in breast cancer in patients whose tumors 
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overexpress this receptor. Trastuzumab was originally tested successfully in the 
metastatic breast cancer and was moved quickly to adjuvant locally advanced 
disease (lymph node positive, distant metastasis negative). 

The magnitude of clinical response data in the metastatic setting, although 
statistically significant, is dwarfed by that recently reported in the adjuvant locally 
advanced setting. 

Combinations of drugs targeting multiple relevant pathways may be needed to 
overcome pathway redundancy or resistance. Given the presumed need for chronic 
dosing, it may also be critical to define a biologically effective dose rather than a 
maximum tolerated dose, to limit adverse effects of long-term dosing. Preopera- 
tive trials that aim at deciphering the mechanism of action and whether the target is 
actually hit at the tumor level should be performed. Identification of persons 
whose tumor expresses the target of interest will be critical for success. Increased 
investment in metastasis targets and logical clinical testing schemas is imperative. 

FUTURE PROMISE: TOWARD INDIVIDUALIZED THERAPY 


The increased knowledge of mechanisms responsible for carcinogenesis, the 
development of molecularly targeted therapies in combination with technology 
improvements that allow us to image, sample, monitor, and destroy previously 
inaccessible sites selectively, provide the opportunity to develop individualized 
therapy algorithms. The personalized medicine of the future will depend on the 
development of cancer classification based on biology rather than anatomy, 
application of a specific therapy for each person, in anticipation of disease rather 
than when symptoms of active cancer reported by the patient leads to the 
diagnosis. Advances in understanding the mechanisms of cancer development at 
a very basic level arc the foundation for this change. For once in the history of 
human cancer, physicians arc armed with sufficient knowledge to make this a 
realistic possibility for many common cancers. 
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INTRODUCTION 

A major strategy by which progress in oncology is realized is the validation in a 
clinical trial of a hypothesis generated through laboratory-based scientific inves- 
tigations. The strong belief and the passionate defense of an attractive idea by 
cancer experts are not sufficient to establish the efficacy of any new therapy. New 
cancer treatments arc evaluated by the conduct of clinical trials, a robust, stepwise 
process that begins with the formulation of a testable hypothesis, the design and 
execution of a definitive clinical evaluation, and the analysis of data that reveal a 
conclusion about the value of the new therapy (Figure 1). Adherence to strict ethical 
principles to ensure the safety of all participants and the integrity of each of the 
steps above is a requirement for all contemporary clinical studies. With the rapid 
advances in our understanding of the molecular biology of cancer, it is imperative 
that any cancer therapeutic or preventive agent proposed, as well as novel 
diagnostic methods, undergo rigorous evaluation in a clinical trial. In this chapter 
we describe the different types of clinical studies in oncology with an emphasis on 
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therapeutic trial design. Several excellent reviews on this topic have been published 
(Pocock. 1996: Hageman and Reeves. 2001; Simon. 2001). 


INSTITUTIONAL REVIEW BOARDS AND INFORMED CONSENT 


Research involving human subjects invariably presents a wide range of ethical 
questions. Since the goal of clinical studies is to develop treatments that will benefit 
future patients, the participants in the trial may not derive any benefit. This may 
create a conflict between the study participant and those conducting research. A 
system has to be in place to facilitate the conduct of clinical research without 
compromising the welfare of individual research subjects. The Institutional Review 
Board (1RB) is the key to the protection of human research participants (Bohaychuk 
and Ball. 1999). The IRB is a committee composed of people who understand the 
concerns of the local community where the studies arc conducted. Their mission is 
to review clinical trial applications and monitor ongoing studies to determine if the 
conduct of research meets ethical standards. Invariably, to obtain IRB approval, the 
clinical research protocol should mandate obtaining voluntary and informed 
consent by potential participants. An IRB also reviews the trial design to be certain 
that it minimizes the risks to research subjects. There are federal regulations that 
require all federally funded clinical research to be approved by an IRB. Research 
participants should be able to understand clearly what will happen to them in the 
research study, how this will differ from standard care, and what risks arc involved 
as a result of their participation. The process of obtaining informed consent must 
provide potential clinical tnal subjects with sufficient information to make 
informed choices regarding their participation, especially whether to begin or 
continue participation in the study. This process includes communication describ- 
ing the trial and specific discussions detailing the purpose, procedures, risk s. and 
benefits of participating in the trial, as well as the voluntary* nature of participation. 
The informed consent document is a summary* of the clinical tnal and the rights of 
the research subject. It can also be used by* the study participant as an information 
resource throughout their participation in the clinical trial. Local IRBs are charged 
with overseeing the consent documents at their institutions. 

PHASE I TRIALS 

Once a new drug shows promising activity during preclinical in vitro and in vivo 
evaluations, it must be studied further to confirm that it is effective in the treatment of 
patients with specific conditions. Prior to studies designed to determine the efficacy of a 
treatment, initial studies arc conducted to evaluate its adverse effects in human subjects 
and to determine the dose to be used in subsequent therapeutic investigations. These 
initial studies to identify toxicides and to find a tolerable dose arc referred to as phase l 
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clinical trials (Eisenhauer. 1998). Patients with a variety of advanced malignancies for 
whom no known effective therapy exists arc typically the patients enrolled in such 
studies. TTie characteristic design of these trials includes the administration of a drug at 
a starting dose corresponding to a small fraction of the dose that is lethal for the most 
sensitive laboratory animal species (Simon, 2001). Toxicides that preclude the safe use 
of a drug arc defined as dose-limiting toxicides (DLTs). Typically, three patients per 
dose are treated, and if no DLTs are observed, the next cohort of patients is treated at a 
higher dose. The most popular dose escalation scheme is the modified Fibonacci series 
(Simon ct al., 1997; Paoletti ct al., 2006). Dose levels are increased by 100%, 67%, 
50%, 40%. and then 33% until a DLT is encountered. Usually, cohorts of three patients 
arc treated at each dose. When one patient develops a DLT, three additional patients arc 
treated at the same dose. If no other DLT is observed, dose escalation continues. If a 
second DLT develops in more than 33% of patients (two out of six) at a given dose 
level, dose escalation stops. Usually, the preceding dose level, a dose level at which 
fewer than 33% of patients experienced a DLT. is recommended for further study in 
the next trial, the phase II evaluation . Additional patients may be treated at the 
recommended phase II dose (RPTD) as part of the phase I study to better define the 
toxic i ties of the treatment proposed. Detailed description and analyses of all observed 
toxicities are integral parts of any phase I tnal (Eisenhauer. 1998). Since patients with 
different types of cancer and with different prior treatments are enrolled, phase I studies 
at best give only suggestions of possible anticanccr activity. However, these studies are 
also frequently designed to study the pharmacokinetics of the drug, and sometimes its 
pharmacodynamics, by measuring the treatment effect on a marker in blood, in tumor, 
or in surrogate tissue (Eisenhauer. 1998). Phase I studies provide valuable information 
about the relationship between dose and toxicities but rarely about dose and anticanccr 
effect. 


PHASE II TRIALS 


The assessment of activity against specific tumor types is the objective of phase II 
clinical trials (Wittes et al.. 1985). Once an appropriate dose is determined during 
phase I testing, prcclinical data and early signs of benefit seen in phase I studies guide 
the choice and prioritization of tumor types and the patient populations to be studied. 
Usually, patients who have not had any prior therapy are studied separately from 
patients whose disease has become resistant to established treatments. Clinical 
activity is often measured as the tumor response rate, which is the most common 
primary endpoint of phase II trials. These studies also provide additional information 
about safety, and some offer preliminary data on the effect of treatment on survival. 
Recently, some phase II trials have been designed to evaluate drug activity with 
respect to delaying disease progression (Ratam and Stadler, 2001). In such studies the 
primary endpoint becomes the rate of progression at some prespccified time point. 

As the goal of phase II studies is to identify the most promising treatments for 
further testing and to screen out inactive drugs, all studies include precisely defined 
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measures of tumor response (Simon, 1989: Gehan and Tefft. 2000: Curran et al.. 
2006). Stopping rules are established to discontinue these trials cither because the 
drug’s activity is lower than what has been set as the minimal acceptable response 
rate or because the therapy being tested is definitely more effective than established 
treatments (Gail, 1982). While stopping rules limit the risk for exposing large 
numbers of patients to inactive therapies, discontinuing the study early decreases 
the statistical power to detect differences from other therapies, as there are fewer 
patients treated. Rarely, additional follow-up after early stopping of a study may 
change an investigator’s interpretation of a study outcome. 

It is important to recognize that phase II trials rarely have an appropriate control 
group of patients, and they do not provide definitive survival results. Comparing 
results from different phase II trials is inappropriate, as the patient populations in 
each study arc virtually always very different. These trials are valuable because 
they provide an estimate of the activity of a well-defined treatment intervention for 
a particular tumor type. Sometimes, randomized phase II clinical trials are 
conducted (Simon ct al.. 1985: Simon. 1989: Rosncr ct al., 2002: Freidlin and 
Simon. 2005b). This design allows for a determination of which treatment under 
study performs best according to prespccificd parameters. Although randomized 
phase II trials do not have the statistical power to detect small differences, the 
information gleaned builds a foundation for selecting the most promising regiment 
for further evaluation in a definitive phase III trial. 


PHASE III TRIALS 


Direct comparison of new and established treatments is the objective of phase III 
clinical trials. The choice of a primary endpoint is a critical element in the design 
of these studies. Typically, investigators evaluate survival, either median survival 
time or progression-free survival. More recently, other quantifiable measures of 
benefit to the patient such as quality of life, have also been studied (Fossella et al.. 
2003: Gralla and Thatcher. 2004). If a new drug is being evaluated with the 
intention of seeking regulatory approval for use in a specific disease state, the 
primary endpoint is determined after discussions with the U.S. Food and Drug 
Administration (FDA), which must decide whether to approve a treatment based 
on the clinical trial information (Schneidcrman. 1967: Schilsky, 2002). Many 
studies have shown little correlation between response rates and survival (Weiss et 
al.. 1983: Torn et al., 1992). Consequently, response rates are not used as a 
primary endpoint in such trials. Statistical input is required while such trials are 
being designed (Berry. 1986: Simon. 2001: Piantadosi. 2004). To establish that 
one therapy is better than the other, clinical investigators must determine in 
advance what degree of difference between the new and the standard treatment 
regimens is clinically important. Usually, a 30% improvement in survival is 
considered highly significant. Based on the expected difference, the sample size of 
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the study can be calculated (Freedman. 1982; Donner. 1984; Berry, 1986). The 
number of patients required to demonstrate convincingly that the prespccified 
difference between treatments is not due to chance alone is a critical determina- 
tion. as it helps to define the feasibility of a study, determines the cost of the trial, 
and allows investigators to determine whether the hypothesis being tested is 
sufficiently important to justify the expense of conducting a clinical trial. 

It is essential that patients whose response to a treatment is being evaluated in a 
clinical trial of drug efficacy be recognized as having similar prognostic features. 
This clinical trial design is achieved by stratification, a process of separating 
patients w'lth known prognostic factors so that they are distributed equally among 
the types of treatment being evaluated (Piantadosi, 1988). Many other unknown 
features of a patient *s tumor may also influence the treatment outcome. The most 
important characteristic of phase III studies is randomization, a study design 
feature that provides an unbiased assignment of patients to one or another 
treatment that is being examined in a particular trial (Simon. 2001). This process 
ensures that unknown factors which might affect prognosis are distributed equally 
between the treatment arms. For randomized trials, any differences in outcomes 
will probably be due to the different treatments administered. The strength of the 
conclusions that can be drawn from such studies depends on the degree of the 
difference and the size of the clinical study (Simon. 1986). Statistical analyses of 
such trials to evaluate the likelihood that the difference in outcomes observed is 
not due to chance alone are very important. 


PHASE IV TRIALS 

Once a drug is approved for use based on the foregoing stepwise process, its safety 
and efficacy dunng routine practice may be evaluated in phase IV clinical trials 
(postmarketing trials). Sometimes these studies are mandated as part of the 
approval process. The results of such studies rarely may lead to removing a 
treatment from the market, cither for lack of confirmed efficacy or for higher than 
expected toxicides (Schilsky. 2002). Less common side effects are also frequently 
detected dunng these trials, since very large numbers of patients arc typically 
being exposed to the new treatment. Although phase IV trials require less rigorous 
statistical design than phase III randomized studies, they can often be an important 
part of the overall drug evaluation program. 


CLINICAL TRIAL DESIGN FOR TARGETED THERAPIES 


The established stepwise approach to the evaluation of new cancer treatments 
described above has been developed and refined using cytotoxic chemotherapy 
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agents. These drugs rarely act specifically on a single cell type, and treatment with 
them is usually associated with significant side effects. The dominant drug 
development paradigm to date has been to determine the maximum dose that 
can be administered with tolerable toxicities and to use this dose to identify the 
treatment's therapeutic effectiveness. Whether the desired effects can been 
achieved at lower doses is usually not studied. 

The field of oncology has undergone major changes in the last five years. The 
progress in molecular and cell biology has led to greater knowledge of the 
mechanisms of carcinogenesis and the cellular pathways that manifest as cancer- 
related pathologies such as cellular proliferation and tissue invasion. New drugs 
are being developed to target specific molecules in pathways that are considered 
critical for tumor pathology and especially for the survival of the cancer cell. 
Targeted therapies is the collective term used to describe agents that will affect 
only the malignant cells sparing the normal cells, typically because the molecular 
target is present only on or in malignant cells. Since the ideal target is likely to 
vary from tumor type to tumor type and will almost certainly be different in 
different subgroups of tumors arising in any particular tissue, it is possible that 
there will be many new drugs in the oncologists' armamentarium going forward. 
Interestingly, it seems that many different tumor types are characterized by the 
derangement of a limited number of pathways, and it is possible that some targeted 
therapies may be useful in subgroups of many different tumors in which that 
particular target is pathologically modified. 

Most of the available targeted agents have fewer toxicities than conventional 
chemotherapy, since they are typically designed to target specilk molecules or 
pathways that are present or activated only in tumor cells. Interestingly, these 
agents may also interfere with different pathways, depending on the drug levels 
achieved in the tumor tissues. For example, at lower doses the desired target may 
be affected, while at higher doses additional targets may be blocked or induced, 
and under such conditions might even counteract the beneficial effects or cause 
more or additional toxicities than were seen at the lower dose (Miller et al.. 2005: 
McNeil. 2006). Clearly, determining the maximum tolerated dose (MTD) as the 
sole strategy for identifying the dose of a cancer drug that will be evaluated in 
definitive clinical trials is ill conceived for such targeted agents and also for many 
biological agents (Eisenhauer. 1998: Korn ct al.. 2001*. Ratain and Stadlcr. 2001: 
Fox ct aL, 2002: Rosner ct al.. 2002: Simon and Maitoumam. 2004: Freidlin and 
Simon. 2005b). Establishing a biologically effective dose is one alternative 
approach that has gained some popularity. Instead of monitoring a clinical 
endpoint such as response rate, investigators seek to evaluate changes in molecular 
markers that have been determined during preclinical research to change if the 
pathway desired is affected by the treatment. Some measurements require the 
examination of biomarkcrs of response in cither body fluids or tissues, although 
functional imaging in which the activity of specific molecular pathways can be 
monitored noninvasively arc becoming ever more widespread (Gupta et al.. 2002: 
Schechtcr ct al., 2003). The need to establish a dose at which such surrogate 
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markers are repressed or induced has led to the introduction of novel clinical trial 
designs for the standard phase 1 and II drug evaluations (Korn et al.. 2001; Simon 
and Maitournam. 2004: Frcidlin and Simon. 2005b). Impoitantly. the relationship 
of surrogate marker changes and clinical benefit cannot be established through 
such trials. Rather, classic phase III studies with survival as the primary endpoint 
are still necessary to prove that a new. targeted treatment is better than standard 

The best cancer treatments available usually benefit only a subset of patients 
with any particular tumor type. The targeted agents that are being introduced 
cunently will be benelicial only to patients with tumors that carry the appropriate 
target. Recent advances in molecular medicine have made it ever more possible to 
evaluate tumors for the presence of the target and/or surrogate markers that will 
predict which patients are more likely to respond to a particular treatment type. 
Using advanced technology, it is possible to design trials only for patients who 
carry the target and biomarkcr required to monitor response. Simon et al. have 
proposed a clinical trial design for randomized studies of targeted agents 
comparing a new treatment to an established treatment (Simon and Maitournam. 
2004). These novel designs for targeted agents dramatically reduce the number of 
patients required to prove that a statistically significant difference exists between 
treatment groups. For example, responses to small-molecule inhibitors of the 
epidermal growth factor receptor tyrosine kinase (EGFR-TKI), such as erlotinib 
and gefitinib. can be predicted if certain mutations in the tyrosine kinase domain of 
EGFR are present (Lynch et al.. 2004). A trial of unselected patients designed to 
show a 20% improvement in one-year survival of patients treated with a targeted 
agent will require an estimated 12.806 patients. A trial examining the efficacy of a 
targeted agent only in patients with mutated EGFR may require as few as 138 total 
patients (Simon and Maitournam. 2004). Usually, predictive factors arc deter- 
mined by analyses of phase II trials. When targeted therapies arc evaluated, every 
attempt should be made to characterize the responders in phase II studies before 
large, costly phase III trials are conducted. 

Cytotoxic chemotherapy drugs arc evaluated for activity in phase II trials with 
response rates as the endpoint. Response generally is measured as tumor 
shrinkage: however, many new molecularly targeted agents do not induce such 
responses, yet they arrest tumor growth. Such treatments are said to be cytostatic 
rather than cytotoxic. When reliable assays to identify patients who arc more 
likely to respond to cytostatic, targeted drugs are not available, one approach to 
their evaluation is to assign patients randomly to either the new agent or standard 
treatment. Alternatively, a randomized discontinuation design can be utilized 
(Frcidlin and Simon. 2005b). In this case, the agent under study is administered to 
all patients initially, and an evaluation is performed after a predetermined period 
of time. Patients who progress are removed from the study and receive other 
treatment; patients who respond continue therapy. Patients with stable disease are 
randomized to continue treatment with cither the agent or a placebo. This phase II 
trial design may help identify the most promising agent to study further in 



CLINICAL RESEARCH OFFICE AND DATA MANAGEMENT 


177 


randomized phase III trials. The randomized discontinuation design is particularly 
advantageous when only a subset of patients are sensitive to the drug (Frcidlin and 
Simon. 2005). It should be considered in the early development of molccularly 
targeted therapies when selection for patients expressing the target is not feasible. 
Traditional randomization is better if slow-growing tumors are targeted and early 
responses are not expected. 


CLINICAL RESEARCH OFFICE AND DATA MANAGEMENT 

Even the best trial design will fail if there is not rigorous protocol implementation. 
Study designs define the type of research data to be collected and often require the 
creation of specific data management instruments. FDA recommendations and 
international guidelines specify good clinical practices (GCPs) that must be used 
in clinical research (Bohaychuk and Ball. 1999). GCPs are invariably guided by 
the dual focus of protecting study participants and protecting the integrity of the 
data collected in the course of the study. 

Clinical trial data arc only a portion of the patient's medical record. To capture 
the appropriate information relevant to the clinical study, selective data manage- 
ment tools have been developed. Case report forms (CRFs) are guideposts that 
specify the standard approach to the collection of clinical research data during the 
course of a clinical trial. These arc templates of the data elements that must be 
captured. Consistency across protocols is reflected in similar generic terms, coding 
conventions, and the standardized definition of terms. Traditionally, these were 
hard-copy paper forms, but now electronic CRFs arc becoming popular and allow 
one easily to enter, monitor, and review data. They also facilitate the aggregation 
of data and the ability to search and share information. The decision to change 
from paper to electronic CRFs requires a commitment by the research institution 
to reengineer the data management process. The FDA has adopted guidelines for 
clinical trial computer systems. When these arc adopted, standard operating 
procedures should be established for system setup, system maintenance, data 
collection, data backup and recovery, and data security (U.S. Food and Drug 
Administration. 1999). The widespread adoption of electronic CRFs will be 
necessary before Internet-based data collection and management can be accom- 
plished. Using a secure web server, the data from large, randomized, multicenter 
clinical trials can be collected, stored, reviewed, administered, analyzed, and 
reported. The use of Internet technology will allow participation in such trials of 
smaller physician groups which are located far from established research centers 
and which do not have access to an extensive clinical research infrastructure 
(Santoro ct al., 1999). 

Computerized data management facilitates the generation of audit trails that 
allow review of the data history. Viewing the audit trail can establish what was 
recorded and when, and whether anyone changed data after they were collected. 
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Ensuring adequate quality control is critical to the conduct of clinical trials. The 
International Conference on Harmonization, a union of the United States, the 
European Union, and Japan, has defined good clinical practice as “a standard for 
the design, performance, monitoring, auditing, recording, analyses and reporting 
of clinical trials to provide assurance that the data and reported results arc credible 
and accurate" (International Conference on Harmonization of Technical Require- 
ments for Registration of Pharmaceuticals for Human Use (ICH) adopts Con- 
solidated Guideline on Good Clinical Practice in the Conduct of Clinical Trials on 
Medicinal Products for Human Use. 1997). Study performance, monitoring, and 
auditing arc key components of the quality control process (Knatterud et al.. 
1998). Monitoring is performed by the study monitor, usually a clinical research 
organization that has the formal responsibility of evaluating the conduct of the 
trial. Data can be inspected for completeness and adherence to standard operating 
procedures. Study approvals and reviews and adverse-event reporting activities arc 
typically evaluated during monitoring visits. Auditing is a related but different 
system for control that assesses the quality of the research process and is earned 
out by a team independent of the clinical study investigators (Knatterud et al.. 
1998). 

CLINICAL TRIAL RESULT ANALYSES. REPORTING. AND PUBLICATION 


The design of clinical trials should include provisions for analyses and reporting of 
the data collected. A comprehensive publication is an integral part of good 
research (Bailar and Mosteller. 1988). Methodological guidelines for reporting 
clinical trials have been developed and adopted by major cancer journals 
(International Committee of Medical Journal Editors. 1988). The authors should 
describe adequately the patients enrolled, the data that were collected, and the 
methods of statistical analyses. The quality control methods ensuring that the data 
are complete and accurate should be discussed. Major endpoints should include all 
eligible patients, and a careful distinction should be made between the data that are 
reported and their interpretation. 


FUNDING SOURCES 

During the early years of cancer medicine, clinical research was supported almost 
exclusively through funds provided by the federal government. The National 
Cancer Institute (NCI) is supporting the development of many new agents and has 
an extensive clinical trials system. The NCI has its own programs for early drug 
development and provides grants and contracts to many other institutions to 
conduct early therapeutic studies. The NCI also supports a large program of 
clinical trials cooperative groups to conduct later phase trials, including phase HI 
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studies. These groups maintain an established mechanism for such studies, 
including teams of clinical investigators, biostatisticians, and research support 
staff to design and complete large-scale, multi-institution trials for cancer 
treatment and prevention. Due to their complexity and size, these studies require 
extensive infrastructure, such as that supported by the NCI-sponsored clinical 
trials cooperative groups. 

With the improved understanding of the molecular biology of carcinogenesis 
that has emerged in the past decade, there has been a major increase in the number 
of clinical trials sponsored by the pharmaceutical industry, cither alone or in 
cooperation with the NCI. The ethical considerations affecting human research 
subjects arc invariant regardless of the sponsor, and the fundamental processes 
of conducting all clinical trials arc similar. A single set of standards exists 
for the conduct of clinical trials worldwide, including those sponsored by 
industry, through the International Committee on Harmonization discussed earlier 
(International Conference on Harmonization of Technical Requirements for 
Registration of Pharmaceuticals for Human Use (ICH) adopts Consolidated 
Guideline on Good Clinical Practice in the Conduct of Clinical Trials on 
Medicinal Products for Human Use. 1997). Almost universally these trials have 
included independent data and safety monitoring committees to oversee safety- 
related issues (Gail, 1982). Attempts are being made to develop globally 
acceptable drug registration metrics, although at the present time every country 
has its ow r n national drug-approval requirements. 


CONCLUSIONS 


In adult oncology practice, only 1 to 3% of patients participate in clinical trials. 
For patients treated at NCI-designated comprehensive cancer centers, trial 
participation is 5 to 7%. In contrast, more than 70% of pediatric oncology patients 
are treated in the context of clinical studies. This difference may be one of the 
reasons for the very effective treatments that are available for some pediatric 
tumors. The value of a well-designed clinical tnal for answering key questions of 
clinical importance cannot be overstated. Only the joint, integrated efforts of basic 
cancer researchers, translational scientists, clinical oncologists, biostatisticians, 
and the entire clinical trials team will improve the outcome for cancer patients in 
the future. 
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INTRODUCTION 

The development of new dmgs is an evolving process that has accelerated 
dramatically over the last several years. There is an expectation that newer, inno- 
vative drugs will continue to become available. However, the diug development 
process is a complex, multifaceted procedure that is coupled with two important 
issues: It is time consuming and extraordinarily expensive. So. in fact, the 
appearance of new pharmaceutical entities of any significance does not occur at 
a very rapid rate. It is probably accurate to state that most end users of pharma- 
ceuticals. whether the prescribing physician or the consumer, don't have a clear 
understanding of what needs to be accomplished to get a drug to the point where it 
is available commercially. In this chapter we describe the general process for the 
development of small-molecule pharmaceuticals. A number of the major points of 
emphasis also apply to other types of therapy, such as proteins or monoclonal 
antibodies. 
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THE DEVELOPMENT Of DRUGS: CURRENT CONCEPTS AND ISSUES 


THE COMPLEXITY OF DRUG DEVELOPMENT 

The process associated with the development of a drug is tightly associated with 
the therapeutic area and specific target. Thus, the “rules” are not exact and all 
encompassing. Different regulatory requirements exist for the many therapeutic 
areas of research and development. For example, developing a drug for osteo- 
porosis encounters a set of issues completely unrelated to developing a drug for the 
treatment of breast cancer. Of course, there are overlaps. Although questions arc 
posed from the onset and there is constant review to ensure that the risk of failure is 
minimized as the process proceeds, it can never be totally eliminated. 

The first question that needs to be posed is: What is the need for this drug? In fact, 
is there a need for another drug in the category? A basic tenet in drug development is 
that there is almost always room for improvement no matter what exists in the 
armamentarium. Very few drugs are free of side effects and tolerable for all who 
have it prescribed for them. In addition, we need to consider potency and. 
more important, efficacy when contemplating potential advantages for a proposed 
drug. In other words, is the drug proposed going to improve safely and/or efficacy in 
such a manner that its overall profile will be advantageous to at least some 
significant portion of the population? Using osteoporosis as an example, can we 
find something that will increase bone mass more effectively and/or more safely 
than that which exists ? An extensive knowledge base of the potential is critical. But 
whether developing a compound targeting a new protein or channel versus an 
established one. there has to be tangible improvement, for even at the earliest step in 
drug development there is risk. There is a commitment of physical and human 
resources and. as stated above, that translates into a considerable monetary 
investment. 

Although there arc no specified guidelines for developing a drug, a generalized 
scheme reveals the complexity associated with drug development (small mole- 
cule). Developing drugs is an ordered process with many checkpoints set by both 
the group generating the new molecule and by the regulatory agencies which 
ultimately decide if that molecule qualifies to be used in humans and marketed. A 
somewhat abridged list of steps follows: 

1 . Disease or therapeutic area need 

2. Target identification: basic science 

3. Exploratory/discovery: pharmacology and medicinal chemistry 

4. Pharmaceutical characterization: pharmacokinetics, metabolism, toxicology 

5. Pharmaceutical processing: process chemistry, formulations, production 

6. Regulatory filing [Initial New Drug Application (IND)] 

7. Clinical evaluation: phase I (safety. PK), II (safety, proof of concept, 
efficacy), lU (pivotal efficacy and safety) 

8. Regulatory filing [New Drug Application (NDA)) 
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9. Launch and marketing 

10. Postmarketing clinical evaluation (phase IV): new indications, safety 
surveillance 


OBSTACLES IN THE INITIAL STAGES 

As a lead molecule moves along the development pathway, hurdles are always in 
place. If the drug behaves appropriately, it moves along. Of course, this begets the 
question of what “appropriate" behavior is for the drug candidate in question. In 
this regard, the drug discoveiy team involved will often have set a predetermined 
benchmark to which they aspire. For an established area, they might compare to a 
drug already on the market. It may have been decided that improvements could be 
made that would allow a newer generation to displace or replace that which is 
currently used. It may also have been decided that the market is so large and the 
need so great that having more than one drug in the same category has appeal from 
different perspectives. Certainly, any new drug should be bringing something to the 
field that is not satisfied by what is already available. What docs it take? In addition 
to the major driving factors already discussed, including better efficacy, safety, and/ 
or tolerability, we may include ease of administration and convenience of dosing 
manner or schedule. James Black (7) is often quoted as saying: “The most fruitful 
basis for the discoveiy of a new drug is to start with an old drug/’ However, when 
new targets arc identified, the process has to start from scratch. The final clinical 
endpoint may be the same if the therapeutic endpoint is the same (c.g., treatment of 
osteoporosis by a new mechanism), but the means to achieving that endpoint have 
changed with the expectation that the new drug will be “better” in some way. What 
are the reasons for new drugs failing during clinical evaluation? Safety is one 
important reason and may be the most difficult parameter to predict preclinically. 
The other common reason is insufficient efficacy, but that is often due to an 
inadequate pharmacology database and also that the preclinical assays, both in vitro 
and in vivo are not always capable of providing the necessary information to make 
the best, most well-informed decisions. 


TARGET IDENTIFICATION 

Once the need for a new therapeutic for a disease or symptom is rationalized, the 
first step is target identification. On the surface this may seem obvious, but in fact, it 
is not always that simple. What is known about the disease? What basic science has 
already been published? Arc there new data illuminating how a particular pathway 
may be involved ? These are just a few of the questions that can arise. Choosing a 
particular target will influence many steps in the development process. 
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How targets are defined and how many are out there are somewhat debatable at 
this lime, since there arc differing opinions. Recently [1] it was suggested that a 
target is “a molecular structure (chemically definable by at least a molecular mass) 
that will undergo a specific interaction with chemicals that we call drugs because 
they arc administered to treat or diagnose a disease. The interaction has a 
connection with the clinical cffect(s). M A list of potential targets can be generated, 
but the list can vary depending on the source. The following list conforms well to 
what arc considered “drugablc” classes of targets: 

• Enzymes 

• Protein substrates 

• Receptors (nuclear and membrane) 

• Channels 

• Transporters 

• Deoxyribonucleic acid (DNA)/ribonuclcic acid (RNA) 

The number of individual targets falling within the classes of targets represented 
by this list has been estimated to range from 120 to 14.000. Obviously, the way that 
an individual taiget is defined will affect what number is assigned (2-5). and a 
recent attempt to reconcile this arrived at 324 drug targets for all classes of 
approved therapeutic drugs, with the caveat that expansion will probably occur [6). 

Targets such as nuclear receptors (e.g., estrogen receptor, glucocorticoid 
receptor) arc well represented by drugs that interact and affect their activity, 
whereas others are not viewed as amenable to pharmacological intervention. Small 
molecules (typically, having molecular masses < 500 dalton) have been shown to 
be capable of affecting some targets effectively, while others, such as nonreceptor 
protein substrates, are more reluctant. For many nonreceplor protein targets, the 
desired effect is the direct disruption of a protein-protein interaction. In this 
venue, antibody and protein therapeutics arc much more likely than a small 
molecule to disrupt the targeted protein-protein interactions. Unlike small- 
molecule receptors that have conservatively evolved to bind small, endogenous 
ligands, many protein-protein interactions have no endogenous effector, and due 
to the size and strength of the protein-protein interface, only another protein is 
capable of interfering with that process. This one example of target choice 
illustrates how such a decision can ripple all the way through the research and 
development (R&D) infrastructure because it affects not only the basic discovery 
(chemistry, assay development, screening), but also formulation, production, 
toxicology testing, pharmacokinetic evaluation, and in fact, just about every 
decision downstream of it. 

Whether the target is a nuclear receptor such as the estrogen receptor or an 
enzyme such as a kinase, it is critical not simply to test compound interaction with 
these proteins only. Rather, the determination of an interaction with the protein is 
really only the beginning of an evaluation of the potential drug candidate. Not only 
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is compound cross-reactivity a serious concern early in the process, but often the 
subtle modulatory effects that a compound has on a target can only be appreciated 
when examining the drag's effects in vivo. For example, while a drag may 
demonstrate a certain effect on a given target in vitro (e.g., binding, inhibition), 
that effect may be very different in vivo when the target is in its native 
environment. Moreover, a given target may signal differently, depending on the 
tissue that expresses that target. Using the estrogen receptor as an example shows 
us that this receptor affects key proliferation signaling pathways in a number of 
tissues, most notably the uterine endometrium, but estrogens also affect osteoclast 
resorptivc activity in the skeleton via a pathway distinct from proliferation. 
Kinases may phosphorylatc a number of substrates, which demonstrates how 
difficult target selection can be since any one kinase whose activity is to be 
manipulated may affect many potential targets and. in turn, multiple pathways. 
Target specificity is a major stumbling block in drag development that is 
rigorously monitored. Yet it is often difficult to absolutely know where cross- 
reactivity or off-target effects are occurring, especially with protein kinase targets, 
which leads to many safety and tolerability issues, which unfortunately cannot be 
predicted accurately. 

For these reasons, the importance of generating a reliable database characteriz- 
ing the target and establishing a clear biological role in the physiological process 
that is to be affected by a small molecule, protein, or nucleic acid cannot be 
overemphasized. The basic science portion of the development process often 
requires a substantial period of time to obtain enough reliable data to transition 
forward to the next step. During this target confirmation timeframe, at least one 
assay has to be developed that will be used to identify compounds that interact 
with and/or affect the target appropriately. For small molecules (classic pharma- 
ceutical) this step is usually a high-throughput chemical library screen (HTS), but 
often these can be focused on a specifically identified group of compounds that are 
predicted to be likely candidates to interact with the target. It is during this phase 
that chemistry and biology merge. The chemists categorize the compounds or hits 
from the HTS based on their chemical structure and search for compounds with 
similar structural characteristics. This step usually aims to identify two or more 
series of compounds (chemically distinct) based on their chemical attractiveness, 
predicted metabolism, and so on. 


SAR AND ANIMAL TESTING 


The “discovery" phase of the process can last for one to two years (sometimes 
more) where the chemists structurally modify lead compounds based on feedback 
from the key biological assays to find out what w’orks best and, just as important, 
what does not. This is structure-activity relationship (SAR) testing and key to the 
development of as potent and efficacious a small molecule as possible. 
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As SAR testing proceeds. lead molecules need to be tested in relevant animal 
models to determine efficacy and potency under real physiological conditions 
versus in vitro testing, which, in reality, only aids in prioritizing what compounds 
move on to animal evaluation. It is also at this point where pharmacokinetic 
evaluation begins. A number of other activities also take place dunng this stage of 
lead compound development. Chemical analysis is always occurring to assess 
stability, solubility, and other relevant chemical characteristics. In vitro metabolic 
evaluation provides an early signal for potential metabolic toxicology issues, such 
as unacceptably high cytochrome activation. Severe limitations are placed on 
these parameters and become important criteria in prioritization (i.e., which 
compound should be tested in vivo). They also provide vital feedback to chemists 
as they seek to improve on the chemical and pharmaceutical properties of the lead 
series of compounds. 

There is a definite limitation on the number of compounds that can be evaluated 
in vivo, and the type of in vivo model is an important factor in determining the 
testing throughput. For example, a one-day rapid response in vivo assay versus a 
chronic dosing model will determine not only the quantities of compound that 
have to be produced but the number of assays that need to be set up and run 
simultaneously. Initial in vivo evaluation of a compound most often utilizes broad 
dose-response regimens to identify the appropriate amount of compound required 
to achieve efficacy. Ultimately, the goal is to determine the lowest efficacious 
dosage, but especially in the beginning, relatively high doses may be required to 
reveal any detectable effect. As the potency of a chemical series is improved, 
lower doses become feasible. What this implies is that at least in the early stages, 
the chemists may have to generate relatively large amounts of material, which may 
sound simple enough, but in fact, depending on the synthetic pathway, can be quite 
demanding from time, ease of production, and cost of goods considerations. 
Production of grams versus milligrams of a compound can require a huge change 
in tactics, so appropriate selection of in vivo models as well as the compounds to 
go into those models must be made with some care. 

What happens to the compound once it is administered to an animal, and by what 
routes can the compound be delivered? In today’s world a successful pharmaceu- 
tical is generally orally admmistrable: however, that does not mean alternative 
routes of administration are unacceptable. There are many cases, especially with 
cancer therapeutics and antibiotics, where direct intravenous and intraarterial routes 
arc utilized. However, additional questions must still be addressed. For example, 
what is the metabolic fate of the compound ? Is it rapidly excreted; is it biotrans- 
formed into other molecules that have biologic activity; docs it accumulate in a 
particular tissue; is it unable to penetrate the central nervous system; docs it bind to 
proteins in the blood? All of these questions impact dosing and formulation 
decisions. What is absolutely crucial is that sufficient drug be delivered to the 
target (absolute bioavailability) to elicit the intended response (c.g., efficacious). 

On top of these questions, determining if the drug does anything harmful that 
would not be predicted based on its mechanism of action is critical. How much drug 
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can an animal tolerate before toxicological signals reveal themselves? A safety 
window has to be determined. An effective dose would have been dcteimined by 
this time in one or two animal models and then multiples have to be evaluated to 
determine the margin of safety. It is at this step where many drugs fail. What is not 
seen in a rat or mouse efficacy model will often present itself in rodent toxicology 
studies or when testing occurs in a higher species, such as dogs or nonhuman 
primates. With efficacy models, investigators arc usually not looking for adverse 
effects or they simply don't occur during the treatment timeframe. Chrome dosing 
with multiples of the efficacious dosage arc carefully staged and evaluated because 
any toxicologic signal can and often does lead to a critical safety review and 
termination of the project. The final decision has much to do with the therapeutic 
endpoint associated with the drug. Stnngcnt requirements arc in place for all 
compounds, yet a drug being developed for certain cancers may be less stringently 
held to certain guidelines than perhaps a drug for osteoporosis. Nevertheless, the 
crossbar is set high for all new drugs, because safety is paramount. 


CLINICAL EVALUATION 


If all boxes are checked up to this point, an IND is filed with the U.S. Food and 
Drug Administration (FDA) and other documents arc filed with regulatory 
agencies globally. This is the first step prior to the initiation of human testing. 
In most cases, clinical evaluation is divided into three phases. Phase I is done in 
steps and normally includes a single ascending dose (1 day of drug) and multiple 
ascending dose studies (>1 day of drug). These studies provide the pharmacoki- 
netic data necessary to determine dosage for future trials. Often, although usually 
not required, some pharmacodynamic endpoint is also measured to ensure that the 
drug is interacting w f ith and affecting its intended target and to record at what dose 
that interaction is occurring (detectable). The endpoint may be a marker or some 
simple physiological response and not necessarily the full clinical effect. Phase I 
trials are usually not more than a few weeks, and many drugs have to be taken for 
longer periods to demonstrate efficacy. Safety and side effect profiles begin to 
develop during phase I. 

Phase II is proof-of-conccpt testing. The studies utilize the target population 
(i.c., if an osteoporosis drug, it would be men or women with a low skeletal mass at 
risk of fracture), whereas in phase I that is often not the case, since efficacy is not 
the primary goal. Phase II recruits larger numbers of people and assesses multiple 
dosages. It is during this stage that the effective dosages arc identified. It is in 
phase II that most compounds meet their demise. In fact, this has stimulated a 
concerted effort in the pharmaceutical industry to address this problem, determine 
its cause, and provide potential solutions. 

The last stage in clinical evaluation is phase III. This is the pivotal trial, 
examining the effective dosage in a large population. Like the other phases, safety 
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assessment is central, since efficacy has putatively been established in phase II 
(albeit usually in a smaller population for a shorter period of time). Drugs that 
reach phase III are less likely to fail than at any other time during the development 
process, yet failures still occur and at an alarmingly high rate. 

Success in phase III leads to filing a New Dnig Application (NDA) in the United 
States along with similar applications in Europe. Canada, and the rest of the world. 
The documents are often millions of pages in length, and normal review in the 
United States takes 10 to 12 months. During that time there is constant commu- 
nication between the drugmaker and the federal regulatory agency to which the 
application was submitted. At 10 months the FDA will normally issue a 
nonapprovable. appro vable, or approved letter. If approvablc. more information 
or data may be required pnor to final approval. With approval, launch of the drug 
to the market follows shortly thereafter. 

In 2006 the average time for a drug to be developed was approximately 15 years 
[8). The bulk of that time is usually spent in clinical trials, but that can vary 
depending on the clinical endpoints being measured. For example, a drug for the 
treatment of osteoporosis requires a three-year in-life study (regulatory require- 
ment measured against placebo) with a large sample size because of the rarity of 
events being measured (spontaneous osteoporosis-related fracture), whereas a 
pivotal hot-IIash trial in postmenopausal women would be 12 weeks in duration. 
Since each woman in the hot-flash trial is symptomatic, the sample size required is 
relatively low (hundreds versus 1500 to 2000 for the osteoporosis treatment trial). 
Trials end with the last patient visit, and because patients arc recruited over a time 
period that can be several years in duration, a thrce-year-in-lifc study can cover 
five to eight years when recruiting is calculated into the equation. The simple 
diagram in Figure 1 illustrates the basic drug development process that has been 
discussed. 

The costs associated with this process average between $1 billion and $1.5 
billion, but that estimate can vary depending on the therapeutic endpoint intended. 
Perhaps it is also important to keep in perspective that there arc significantly more 
failures than successes. Only about 10% of the drugs that reach phase I achieve 
FDA approval despite much more stringent testing prcchnically [9). Most 
compounds never exit cxploratory/discovcry into the later development stages. 
The frightening 50% failure rate for compounds in phase III has gained the 
attention of the FDA. which has recently issued action items with the goal of 
reducing the attrition of new drugs in clinical trials [ 10 ). 
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Figure 1. Drug discovery timeline. 
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Where drug discovery will head in this new century is difficult to predict, 
especially based on the technologic whirlwind that has already begun and will no 
doubt continue. High-throughput screening has become an overnight process 
where, depending on the assay, a million compounds may be assayed rapidly, 
whereas 10 years ago it could take a year to screen 50.000. Translational medicine 
is beginning to become a standard component of the drug development process. 
Although it is too early to measure its impact, conceptually it should improve the 
success rate of drugs entering clinical trials and streamline the process of efficacy 
evaluation in the early clinical phases [11]. Many drug discovery gurus suggest that 
the “low-hanging fruit” has been picked and new drugs are going to become more 
and more difficult to generate. Potentially, combined pharmaceutical treatment 
regimes may be the way to address this. Many drugs target similar clinical 
endpoints, yet achieve efficacy via different mechanisms. A good example of 
this being used successfully is with combinations of drugs used to treat a variety of 
cancers [12]. 


SUMMARY 


The drug development process is a protracted, sequential series of steps, culminat- 
ing in a product that achieves a clinical benefit. The hurdles arc high and the 
regulations are stringent. Importandy. innovations in science and technology 
coupled with process management should ensure that wc continue to sec improve- 
ments in therapeutics and perhaps cures for some diseases. The clear goal is that 
application of new technology will address the critical issues of how long it will 
require to generate these new drugs and the costs associated with their production, 
because there will always be a need. 


REFERENCES 


1. Imming R Sinning C. Meyer A. 2006. Drags, their targets and the nature and number o! drag 
targets. Nat Rev Drug Discov 5:821-834. 

2. Drews J. 1996. Genomic sciences and the medicine ol tomorrow. Nat Biotechnol 14:1516-1518. 

3. Drews J. R>*er S. 1997. Claude drag targets. Nat Biotechnoi 15:1318-1319. 

4. Golden JB. 2003. Prioritizing the human genome: knowledge management in drag discovery. 
Carr Opin Drug Discov Dev 6:310-316. 

5. Wishart DS. Knox C Guo AC. Shnvaxtava S. Hassanali M. Stolhard R Cliang Z. Woolsey J. 
2006. DrugBank: a comprehensive resource for in silko drag discovery and exploration. Nucleic 
Acids Res 43:D668-D672. 

6. Ovenngtun JP. Al-Lazikani B. Hopkins AL. 2006. How many drugs targets are there? Nat Rev 
Drug Discov 5:993-996. 

7. Raiu TN. 2000. Ibe Nobel chronicles. Lancet 355:1022. 



192 


THE DEVELOPMENT OE DRUGS: CURRENT CONCEPTS AND ISSUES 


8. DiMasi IA. Hansen RW. Grabowski HO. 2003. The price of innovation: new estimates ol drug 
development costs. J Health Eton 22:151-185. 

9. Kola 1. Landis I. 2004. Can the pharmaceutical industry reduce altnlion rater? Nat Re v Drug 
Dircov 3:711-715. 

10. Woosiey RL. Cossman J. 2007. Drug development and the FDA's critical path initiative. Out 
Pharmacol Ther 81:129-133. 

11. Wagner IA. Williams SA. Webster Cl. 2007. Biomarkers and surrogate eod points lor IR Ioe- 
pxirpose development and regulatory evaluation ol new drugs. Clin Pharmacol Ther 81: 104-107. 

12. Dancey JE. Chen HX. 2006. Strategies for optimizing combinations ol molecularly targeted 
anticancer agents. Sat Rev Drug Discm 5:649-659. 




A NEW GENERATION OF DRUGS 
IN CANCER TREATMENT: 
MOLECULARLY TARGETED 

THERAPIES 

Thomas O'Hare and Christopher A. Eide 

Howard Hughes Medical Institute . Oregon Health A Science University 

Cancer Institute , Portland . Oregon 

Michael W. Deininger 

Oregon Health A Science University . 
Center for Hematologic Malignancies , Portland . Oregon 


INTRODUCTION 

Do wc know, at the beginning of the twenty-first century, how to cure cancer? 
Unfortunately, in many cases the answer is no. However, much has changed over 
the past decade. The discover)* and clinical validation of imatinib (Glccvec), a 
molecularly targeted therapy for chronic myeloid leukemia (CML), has funda- 
mentally redirected drug discovery efforts. In this chapter wc focus on kinase 
inhibitors as molecularly targeted therapeutics, with CML as the paradigm. Tar- 
geted therapies taking clinical ground in other cancers are then explored, illustrat- 
ing the rich potential, as well as obstacles and complexities encountered, in 
developing new inhibitor treatments. 

Whereas the results in CML continue to exceed expectations, experiences in 
other malignancies have been mixed and sometimes quite sobering. Thus, is CML 
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the exception or the rule, and is the success of targeted therapies limited by the 
disease or by our incomplete knowledge of disease pathobiochcmistry? In the 
continuing search for improved targeted therapies, deducing a molecular explana- 
tion for why some inhibitors have shown limited activity will be as important as 
understanding why imatinib works in CML. Another important question arising 
from the CML field is whether imatinib will ever be able to eradicate the disease. 
Reverse transcriptase-polymerase chain reaction (RT-PCR) data suggest that most 
patients continue to harbor residual leukemia on therapy, and recurrence is the rule 
once the drug is discontinued, indicating the persistence of stem cells with full 
lcukcmogenic potential. What. then, is the underlying cause of disease persistence, 
and is it a natural limitation of targeted therapy, implying that life-long therapy is 
necessary? The answers will have ramifications that reach beyond the laboratory 
and the doctor's office into the economics of health care. 

The field of molecular cancer therapy has expanded so rapidly over the past 
several years that comprehensive coverage would require an entire book or more. 
Thus, choices had to be made for this chapter. Significant attention will be given to 
CML. acknow ledging its paradigmatic role for the development of targeted cancer 
therapies. In the follow ing sections we cover HER2 in breast cancer and EGFR in 
non-small-ccll lung cancer, targets in diseases whose incidence by far exceeds 
that of CML. The last three sections have been chosen to highlight certain aspects 
of targeted therapy. BRAF mutations are very frequent in melanoma, yet the 
limited clinical success of a targeted BRAF inhibitor attests to the complexity of 
this malignant signaling cascade. JAK2 in the chronic myeloproliferative dis- 
orders looks like a perfect target, but the key mutations in this kinase were 
discovered quite recently, and development of effective inhibitors has just begun. 
Finally, the activity of a thalidomide analog in myelodysplastic syndromes with a 
deletion of 5q is a prime example of a dmg that is certain to hit a specific target or 
target pathway, although identifying this pathway is proving to be extremely 
challenging. 


INHIBITING BCR-ABL IN CML: THE GOLD STANDARD 
OF MOLECULARLY TARGETED THERAPY 


Chronic myeloid leukemia is a rare disease, yet has had a profound impact on the 
development of modem cancer therapy. In 1960. Nowell and Hungerford reported 
the consistent detection of a shortened chromosome 22. termed the Philadelphia 
chromosome (Ph), in bone marrow metaphases from CML patients (Figure 1). 
Thirteen years later, Janet Rowley deduced that this chromosomal anomaly is the 
product of a reciprocal translocation between chromosomes 9 and 22. The next 
decade saw the identification of the translocation partners fused by the t(9;22) as 
Abl and Bcr % the discover)* that the chimeric protein derived from the fusion gene 
has constitutive tyrosine kinase activity, and confirmation that this activity is 
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absolutely required for malignant transformation. When a munne CML model 
recapitulated the disease in vivo, the notion took hold that inhibiting Bcr-Abl 
tyrosine kinase activity could, in principle, be an effective therapy. It took many 
years of dedicated collaborative effort to convert this concept into reality, but the 
results were dramatic. Imatimb was granted regulatory approval within four years 
of its inception in the clinic, an unprecedented pace for a cancer drug. It has 
become an icon for the potential of targeted cancer therapy, but has also shown 
some of its limitations. 

Imatinib is a selective but not completely specific inhibitor of Bcr-Abl. the 
deregulated, constitutivcly activated tyrosine kinase that drives CML. Despite a 
long-standing recognition of Bcr-Abl as perhaps the most obvious and attractive 
target in all of oncology, academic researchers and the pharmaceutical industry 
have, until recently, steered clear of most targets belonging to the kinase class of 
enzymes. This would appear to be a prudent business decision, given the practical 
obstacles involved in differentiating individual kinases or even small subsets of 
kinases. Despite the success of imatinib and several other targeted kinase 
inhibitors, a frank assessment must admit that we arc still not very good at 
designing highly selective kinase inhibitors. However, the lessons learned from the 
design and clinical development of imatinib and from the extensive mechanistic 
research on resistance to imatinib arc now being applied to other cancers. 


Development of Imatinib 

In the late 1980s. scientists at Ciba-Geigy (now Novartis) under the direction of 
Nick Lydon and Alois Matter, initiated a drug discovery program that produced 
imatinib (Figure 2A), a micromolar inhibitor of Abl, ARG, Kit. and PDGFR 
(activity against LCK and FMS was discovered later). Imatinib docs not inhibit 
Src. which is closely related to Abl kinase, which was surprising and not readily 
explicable. The mystery was solved at least partially when the crystal structure of Abl 
in complex with a close analog of imatinib [ 1 ] and subsequently imatimb itself [2] 
demonstrated that the inhibitor captured Abl in a unique conformation (Figure 2B). 
effectively “freezing 0 the kinase in a catalytically inactive state. Additional key 
observations from the structural analysis were the extensive downward displacement 
of the ATP binding loop upon imatinib binding and the extensive surface contact 
between imatinib and the catalytic groove of the kinase via hydrogen bonds and 
hydrophobic interactions. Although the structural data were initially more of 
theoretical interest, they would later prose instrumental for understanding imatimb 
resistance due to Bcr-Abl point mutations. 

In the initial phase I study, patients with chronic-phase CML who had failed 
interferon-a (IFN-a)-bascd therapy were treated with imatinib. Nearly all patients 
treated with at least 300 mg of imatinib daily attained a complete hematologic 
response (CHR). and 31% attained a major cytogenetic response (MCR) (3). 
Based on the efficacy in this population, the trial was expanded to include patients 
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with accelerated or blastic phase or with Ph-positive acute lymphoblastic leukemia 
(ALL). Substantial activity was demonstrated in these cohorts, but unfortunately, 
many responses were short-lived. A senes of phase II trials confirmed the 
impressive activity seen in the phase I trial, with 41% of patients with chronic- 
phase CML attaining a complete cytogenetic response (CCR) (3-6). Based on the 
phase I/II results, imatinib was approved for the treatment of CML after failure of 
IFN-a. The supenority of imatinib over the previous standard drug therapy for 
CML was established in a phase III study in newly diagnosed chronic-phase 
patients (IRIS trial) [7J. Imatinib produced much higher rates of CHR and CCR as 
well as superior progression-free survival than those of the previous standard 
therapy of IFN-a plus cytarabinc. A recent update of the IRIS trial at five years of 
follow-up showed a cumulative CCR rate of 87% and projected overall survival 
and event- free survival rates of 89% and 83%, respectively, for patients treated 
initially with imatinib (8J. 

Imatinib Resistance 

Resistance to imatinib is classified as primary if the response target (e.g., CHR) is 
not achieved upon starting therapy, while secondary (acquired) resistance implies 
failure alter a transient response. Most chronic-phase patients attain profound and 
durable responses, while primary and secondary resistance is common in patients 
with blast crisis. The crucial observation from the first study of patients with 
acquired resistance was that Bcr-Abl signal transduction was suppressed during 
response but reactivated at the time of relapse. Thus, rather than shifting to a 
different transforming principle, the leukemia cells continued to be dependent on 
the activity of Bcr-Abl. consistent with “oncogene addiction" and implying that 
Bcr-Abl remained an excellent therapeutic target. 

Mechanisms of Bcr-Abl-dependcnt resistance include increased protein expres- 
sion due to gene amplification or transcriptional activation and point mutations in 
the kinase domain (KD) of Bcr-Abl that impair drug binding. More than 60 
different mutations in the KD of Bcr-Abl have been described in patients with 
imatinib resistance (Figure 2 C), representing the most common resistance mecha- 
nism. Mutations cause resistance by (1) altering contact residues and impairing 
imatinib binding through sleric hindrance and/or elimination of important hydrogen 
bonds or hydrophobic interactions; (2) preventing the kinase from assuming the 
optimal conformation in regions that undergo extensive conformational adjust- 
ments upon drug binding: or (3) favoring the active conformation of the kinase, to 
which imatinib is unable to bind. Mutational hotspots include the ATP binding 
loop, threonine 315, methionine 351, and the activation loop. Some mutants, such 
as E255K and T315I, arc completely resistant to imatinib; others, such as M244V 
and M351T, exhibit a moderate level of resistance, and yet others, such as F31 1L, 
are barely distinguishable from native Bcr-Abl. A clinical consequence of the 
differential imatinib sensitivity is that responses may be recaptured by dose 
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escalation in the case of low-level resistance mutations, while this is ineffective in 
patients with highly resistant mutations. 

Several lines of evidence indicate that many KD mutations pre-date imatimb 
therapy and arc then selected in the presence of drug. In some patients who 
relapsed with specific KD mutations, the same mutation type was detected in pre- 
therapeutic specimens using allelc-specilic PCR |9). A similar study detected KD 
mutations in 20 % of imatinib-naive patients with advanced CML. but not in 
patients with chronic phase disease ( 10). Surprisingly, not all mutant clones “grew 
out** upon subsequent imatinib therapy, suggesting that some clones lack other 
crucial properties required to sustain leukemic hematopoiesis. For example, they 
may reside in cell clones lacking self-renewal capacity. Data from the IRIS trial 
also support the notion of the prccxistence of mutations [8). The rate of imatimb 
failure peaked in the second year of therapy, but decreased in every subsequent 
year, consistent with the manifestation of a preexisting condition that predisposes 
to relapse. A strong association between mutations detected and clonal cytoge- 
netic evolution has also been demonstrated in CML. suggesting that the general 
genetic instability of Bcr-Abl-expressing cells underlies both phenomena. There 
is increasingly convincing evidence that Bcr-Abl induces sclf-mutagcncsis 
through generation of reactive oxygen species and that this mechanism is a key 
to the development of resistance [11.12). The clinical implications arc that 
(1) complete inhibition of Bcr-Abl should conceivably reduce the mutation risk 
of an individual cell; (2) a more rapid reduction of the leukemic burden should 
decrease the number of cells at nsk of acquiring mutations; and (3) Abl kinase 
inhibitors with a broader spectrum of activity should prevent progression in 
patients who already harbor mutations and are likely to fail on imatmib. 


Second-Generation Abl Kinase Inhibitors 

The identification of KD mutations as a mechanism of resistance to imatimb 
therapy prompted the development of additional agents that maintain activity 
against mutant Bcr-Abl (Table 1). The most important compounds to date arc the 
dual Abl/Src inhibitor dasatinib (Sprycel) [13,14). the only second-line inhibitor 
that has already been granted regulatory approval for lmatinib-rcsistant and 
imatmib-intolerant CML and nilotinib (Tasigna) [15.16). which is derived from 
the 2-pbenylami nopyrimidine backbone of imatinib. Nilotinib has been approved in 
Switzerland and is likely to be approved by the U.S. Food and Drug Administration 
(FDA) in the near future. 

Crystal structure analysis has revealed that dasatmib, unlike imatimb. binds an 
active conformation of Abl. makes less surface contact, and causes less dramatic 
stmctural rearrangements of the ATP binding loop (17J. As a result of these less 
stringent requirements for binding, dasatinib inhibits native Bcr-Abl but also most 
KD mutants in the low-nanomolar range. Conversely, the binding mode of nilotimb 
is nearly identical to that of imatinib, but an improved topological fit within its 
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binding site on AM results in a 30-fold increase in potency compared to imatinib. 
bringing most KD mutants within the reach of nilotmib (achievable plasma con- 
centration about 1.7 pM). Neither nilotinib nor dasatinib have activity against the 
T315I mutant. 

Dasatinib and nilotinib have shown significant activity in imatmib-rcsistant or 
imatmib- intolerant patients in phase 1 and II studies (14.15,18). Most patients 
treated in the chronic phase achieved or maintained a CHR. OCRs were observed 
in approximately 30% of patients, and although the follow-up is still short, most 
chronic-phase responses appear durable. Significant activity was also seen in 
accelerated phase and blast crisis, in particular with dasatinib (19-21), where the 
rates of CCR exceeded those seen in the early imatmib studies. Unfortunately, in 
blast-crisis patients there is a considerable rate of primary resistance and a high 
rate of relapse. Analysis of patients who relapsed after a transient response to 
dasatinib revealed that acquired resistance is due almost exclusively to a few types 
of KD mutations, most importantly, T3151. 


Predicting Drug Resistance 

Several assays have been developed to predict resistance profiles for inhibitors 
in vitro. The common principle is selection of cells expressing KD mutant Bcr-Abl 
in the presence of inhibitors, with or without a preceding mutagenesis step to 
increase the frequency of KD mutations. Demonstrating the ability to recapitulate 
the spectrum of clinical mutations conferring resistance to imatinib has validated 
this approach. Compared to imatinib, the spectrum of mutations predicted to 
confer resistance to Abl/Src inhibitors such as dasatinib was much smaller and 
limited essentially to mutations of direct contact points (22.23). This is being 
confirmed by the emerging clinical data (14). In vitro, at high concentrations of 
dasatinib, only T315I was recovered. Combinations of dasatinib and nilotinib 
were able to eliminate non-T3151 resistance at lower concentrations of cither 
agent (22). These data suggest that addition of a targeted T315I inhibitor may be 
able to block resistance completely due to KD mutations. Short of eradicating the 
disease, this may be the natural limit of any therapy directed against Bcr-Abl 
kinase activity. 


Is CML Eradication Possible Using Abl Inhibitors? 

Given the excellent results of imatinib in patients with chronic-phase CML. it will 
be difficult to demonstrate superiority of an alternative drug in endpoints such as 
overall and event-free survival. The generally good tolerability of imatinib will also 
hold any new agent to high standards in terms of side effects. An advance that 
remains on the horizon, however, would be the ability to stop therapy altogether. 
Experience with imatinib suggests that almost all patients who stop therapy will 
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have a recurrence of disease, even if they had achieved negativity by RT-PCR. 
Thus, although undetectable with the most sensitive techniques, fully lcukcmo- 
genic Bcr-Abl-positive cells persist, ready to reconstitute the leukemic cell clone as 
soon as Bcr-Abl is reactivated. Ex vivo studies on primitive hematopoietic 
progenitors suggest that noncycling Bcr-Abl-positive cells survive or are even 
ennehed and maintain significant kinase activity in the presence of imatinib and. to 
a lesser extent, dasatinib (24). This raises a question as to whether drug transporters 
may be causative to disease persistence via eliminating imatinib from the target 
cells, although the data arc conflicting. Studies from several labs have shown that 
high levels of hOCT-1. a transporter that mediates imatinib influx, correlate with 
cytogenetic response (reviewed by Jiang et al. [25]). Whether this mechanism 
operates at the stem cell level is presently unknown. 

The other possibility is that CML stem cells do not require Bcr-Abl kinase 
activity for their survival, and inhibiting Bcr-Abl may convert them into pheno- 
typically normal cells that depend on exogenous signals such as GM-CSF 
signaling with STATS and MAP kinase activation. In the case of Bcr-Abl- 
independent disease persistence, disease eradication with imatinib and in fact 
all other Bcr-Abl inhibitors would be impossible unless the leukemia stem cell 
pool were gradually to be depleted by continuous long-term therapy. The fact that 
the mean Bcr-Abl transcript levels continue to decrease in the IRIS cohorts lends 
some support to this hypothesis, and one might expect that a more potent inhibitor 
will expedite the process. If this is not the case, eradicating CML will require 
therapies that target properties of CML stem cells other than Bcr-Abl kinase. At 
this point we can only speculate what such properties might be. It also remains to 
be determined whether disease persistence will be a general phenomenon of 
kinase-targeted therapies in other diseases. Given that CML has so often 
established the paradigm, there seems a real possibility that this will be the 
case. It is important to remember that discussing disease eradication with a well- 
tolerated oral agent is a luxury that would have been unthinkable less than a 
decade ago. 

The case for targeting certain tyrosine kinases in human cancer is based on their 
central roles in regulating multiple cellular processes that contribute to tumor 
development and progression. If a cancer can be shown to be driven by an 
activated kinase, it should in principle be possible to inhibit or reverse malignant 
progression. The ongoing clinical validation of imatinib as a targeted drug that 
inhibits the action of a pathogenic tyrosine kinase has shone light on several key 
issues. A molecular understanding of CML facilitates the treatment of appro- 
priately selected patients, and new compounds that circumvent acquired resistance 
have been developed. We now know that tyrosine kinase inhibitors have the 
potential to be safe, active drugs in selected patient populations. We also know that 
the therapeutic approach must be tailored to the molecular roots of disease. So. can 
the paradigm of imatinib be extended? We are still learning, but the following 
examples highlight the progress and challenges that this approach has yielded in 
other cancers. 
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Targeting HER2-Positive Breast Cancer 

Unlike CML. breast cancer encompasses several malignancies, and the spccilk 
molecular characteristics of disease influence treatment decisions significantly. 
Expression of the receptor tyrosine kinase HER2 above an empirically derived 
threshold classilies a tumor as HER2-positivc and is an indicator of poor prognosis. 
On a more positive note. HER2 status has proven to be an excellent molecular 
marker for selecting proper patient populations for clinical trials |26). This is in 
contrast to EGFR overexpression in NSLC (discussed below), which is not a 
sufficient criterion for linking patient selection and response to inhibitor therapy. 
Approximately 25% of primary breast cancers are classified as HER2-positivc. 

HER2 belongs to the human epidermal growth factor receptor (HER) family of 
transmembrane receptor tyrosine kinases, which also includes EGFR (HER1), 
HER), and HER4. all of which play prominent but incompletely understood roles 
in cancer. HER family members interact in homo- and hcterodimcric kinase-active 
complexes. HER2 is unique in that its extracellular domain is truncated and does 
not interact directly with receptor ligands. Instead. HER2 is the preferred 
dimerization partner for all other HER receptors. The extracellular domain of 
HER2 exhibits a constitutive dimerization-competent conformation resembling 
the ligand-activated state of EGFR and HER3. Coupling with HER2 potently 
enhances signaling by HER2-contaming heterodimers and increases binding 
affinity of receptor ligands to EGFR and HER3/4 [26]. HER2/3 heterodimers 
comprise the most potent mitogenic and transforming receptor complex within the 
HER family, and this oncogenic unit is a key driver of breast tumor cell 
proliferation (Figure 3). 

An attractive targeting approach would be to interrupt the ability of HER2 to 
engage other HER members in hctcrodimcnc complexes. Trastuzumab (Hcrcep- 
tin) is an FDA-approved humanized monoclonal antibody (mAb) against HER2 
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Figure 3. HER2 dimerization and downstream signaling. HER2 readily homo- and heterodi- 
merizes with other HER family members, leading to phosphorylation of the intracellular tyrosine 
kinase domain. Autophosphorylation of HER2 leads to transphosphorylation of HER3 (which has a 
receptor-specific ligand but lacks a tyrosine kinase domain), which in turn activates the PI3-K/Akt 
pathway and promotes survival. Residual signaling through this pathway may serve as an escape 
mechanism to current HER2-targetcd therapies. 
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that has been in clinical use for some time (Figure 1). The antibody inhibits the 
growth of HER2-overcxpressing cells by binding to the unique extracellular 
juxtamembrane domain of the HER2 receptor and preventing activation of its 
intracellular tyrosine kinase. Laboratory data and evidence from clinical trials 
support several mechanisms to explain its specific route to decreasing subsequent 
cascade signaling (26 J. 

Early clinical trials of trastuzumab demonstrated modest overall response rates 
in patients with previously treated HER2-positive metastatic breast cancer, 
ranging from 11 to 26%, but established a proof of principle for its potential 
efficacy in a subset of patients. The most pivotal results to date, however, support 
the clinical use of trastuzumab in combination with paclitaxel or docctaxel 
chemotherapy, where improved rates of response, overall survival, and progres- 
sion-free survival have been observed compared to chemotherapy alone (27). 
Despite the encouraging nature of these results, the majority of patients who show 
an initial benefit from regimens containing trastuzumab become resistant within 
one year of starting therapy. Unfortunately, the mechanisms of resistance to 
trastuzumab arc not currently well understood. The second-generation HER2- 
targeted mAb pertuzumab (Omnitarg) was developed as a dimerization inhibitor 
mAb targeting EGFR/HER2 and HER2/3 receptor hetcrodimcrization (Table 1). 
Several phase 11 clinical trials are currently under way. including an investigation 
into the effect of combining trastuzumab and pertuzumab in HER2-positive 
metastatic breast cancer that had progressed dunng trastuzumab therapy. 

A more recent approach to addressing trastuzumab resistance in HER2- 
positivc patients has been through the development of small-molecule tyrosine 
kinase inhibitors of HER receptors. Among the compounds in development arc 
lapatinib (Tykcrb), a dual EGFR/HER2 inhibitor, and Cl- 1033, which inhibits all 
members of the HER receptor family (Table 1). Lapatinib has been approved 
(March 2007) by the FDA for use in patients with HER2-positivc metastatic 
breast cancer who have failed conventional chemotherapy combined with 
trastuzumab. Lapatinib acts by potently and reversibly inhibiting the intracellular 
tyrosine kinase activity of both EGFR and HER2 (IC*> for purified enzymes: 10.2 
and 8.9 nM, respectively), and it has been demonstrated to have a slower off-rate 
than similar agents, allowing for prolonged inhibition of HER receptor tyrosine 
phosphorylation in tumor cells (28). Results from early single-agent clinical trials 
in metastatic breast cancer patients showed low overall response rates, although 
lapatinib was well tolerated and a substantial fraction of the HER2-positive 
patients had stable disease at four months. However, a recent randomized phase 
m tnal carried out to evaluate lapatinib in combination with capccitabine 
(a prodrug of 5-FU) in advanced or metastatic HER2-positivc patients that had 
progressed following trastuzumab-contaming regimens found a highly significant 
improvement in the median time to disease progression in the combination arm 
versus the cohort receiving capecitabinc alone (8.4 months versus 4.4 months, 
respectively) (28). 
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What arc the next steps? Although monoclonal antibodies such as trastuzumab 
and small-molecule tyrosine kinase inhibitors such as lapatinib arc tailored to the 
same ovcrcxprcssed target, in vitro studies with breast cancer cell lines suggest 
synergism [27,281. Clinical studies arc under way to test this concept in HER2- 
positive metastatic breast cancer patients who have had no prior chemotherapy 
treatment. 

HER2 -driven signaling is strongly implicated in several cancers, and drug 
discovery efforts have produced inhibitors with impressive preclinical profiles. 
Furthermore, drugs such as lapatinib are well tolerated and appear to effectively 
diminish HER2 signaling activity. What. then, are the possible reasons for the 
limited clinical activity of these reagents? It has been suggested that HER2 
activation docs not play a fundamental role in the pathogenesis of HER2-positive 
breast cancer, and this may be the case for some patients and/or disease stages. 
However, an intriguing explanation involving the kinase-inactive HER3 receptor 
is beginning to gain momentum. Use of HER2 autophosphorylation as a biological 
readout indicates that HER2 kinase activity is durably inhibited by lapatinib. 
Surprisingly, blockage of Akt activity is transient rather than sustained. Recent 
findings demonstrating that inhibition of HER3 transphosphorylation is also 
transient provide a potential explanation, since constitutive pro-survival, onco- 
genic signaling via the PI3-K/Akt pathway is dnven primarily by transpho- 
sphorylation of HER3 [29] (Figure 3). Although still controversial, there is 
evidence that inhibiting HER2 and/or EGFR leads to compensatory. Akt-mediatcd 
feedback signaling that promotes increased expression of membrane-bound 
HER3. thereby pushing the phosphorylation-dcphosphorylation equilibrium of 
HER3 in the direction of phosphorylation. Rc-phosphorylation of HER3 is 
attributable to residual HER2-bascd signaling. The finding that in some cases, 
even residual kinase activity can support a compensator)* signaling pathway 
underscores another design challenge for kinase inhibitors. 

It appears that HER3-bascd signaling must be neutralized for lapatinib and 
other HER2 inhibitors to reach maximal effectiveness, but how does one inhibit a 
kinase-inactive HER family member? Since the transphosphorylation of HER3 
within HER2/3 hetcrodimers is ligand dependent with respect to HER3, exploring 
ways to disrupt engagement by high-allinity ligands such as heregulin may be 
required. Another possibility is to develop higher-potency HER2 inhibitors. 
Finally, combining HER inhibitors with inhibitors of downstream pathways 
such as Akt and PI3-K may be necessary. 

Findings implicating HER3 in an escape mechanism to the targeting of HER2- 
positive breast cancer suggest that evaluating transphosphorylation of HER3 in 
addition to or instead of HER2 autophosphorylation as a biological marker of 
response to HER2 inhibitors is warranted. However, given the complexity of the 
disease, optimism is guarded as to the potential of HER2/3 inhibitors as a curative 
solution. On the other hand, similar to combinations of Abl kinase inhibitors that 
may be capable of completely blocking Bcr-Abl-based resistance in CML. it may 
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become possible to intercept HER2/3-based signaling irrevocably, perhaps the first 
of several punches needed to knock out the disease completely. 


EGFR IN NON-SMALL-CELL LUNG CANCER 

Smoking-related lung cancer is at once the most deadly and the most preventable 
cancer. Advanced non-small-ccll lung cancer (NSCLC) is the leading cause of 
cancer death worldwide and accounts for about 80% of all lung cancers. NSCLC 
originates in lung epithelial cells and encompasses diverse histological subtypes: 
adenocarcinoma, bronchioavcolar, squamous, anaplastic, and large-cell carcino- 
mas. Notably, the specific histological subtype has turned out to be one important 
clinical indicator of favorable response to EGFR-inhibitor-based treatment. Ironi- 
cally, another important finding is that “never smokers” arc disproportionately 
represented in the patient subset with favorable responses to EGFR inhibitors [30). 

Advanced lung cancer patients typically present with metastatic disease, and 
the median survival from diagnosis is four to five months if left untreated. Despite 
unrelenting research efforts, the results of the various therapies are far from 
satisfactory. Surgical intervention followed by combination cytotoxic chemother- 
apy and radiation can bring a modest increase in survival, but this is frequently 
associated with serious toxicity and quality of life is compromised. Notably, 
approximately 62% of NSCLC cases demonstrate overexpression of EGFR [30). 
However, unlike HER2-positivc breast cancer, an increased level of EGFR gene 
expression is not in itself sufficient to infer a dependency or oncogene addiction. In 
addition to lung cancer. EGFR overexpression is also observed in cancers of the 
head and neck, ovary, cervix, bladder, esophagus, stomach, brain, breast, endo- 
metrium. and colon. 

In the wake of the imatinib/CML story, the search for other suitable kinase 
targets intensified. Since EGFR is often overexpressed in NSCLC cells, a belief 
emerged that inhibition of this target would reduce lung cancer cell proliferation. 
Early studies employing the stmcturally related tyrosine kinase inhibitors gefitinib 
or crlotinib (Table 1) in the treatment of chcmorcfraclory NSCLC produced 
modest objective tumor response rates of 10 to 18% in phase II trials, but in some 
cases the extent of response was dramatic (Figure 4). Given the lack of significant 
progress in extending the survival of patients with NSCLC over the course of three 
decades and the potential market size, it is understandable that these initial 
findings were met with extreme optimism. However, an important detail is that 
for cases in which gefitinib or erlotinib was effective, there was little under- 
standing as to why. In several additional phase II trials, a low but appreciable 
percentage of patients achieved rapid and seemingly sustained responses. These 
findings were sufficient to secure permission for trials evaluating the benefit of 
combining gefitinib with the current best-care chemotherapy regimen. Accrual for 
the trial, for which patient enrollment was unsclccted and for which no biomarker 
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Figure 4. Response to gefitinib in a patient with refractory NSCLC Computerized tomography 
scans from a 32 -year-old male with a large mass in the right lung (A) before beginning gefitinib 
treatment and <B) after 6 weeks of gefitinib therapy at 250mg/day. (Images were graciously 
provided with permission from Daniel Haber (31 JO 

for gefitinib sensitivity was utilized, was complete in months and expectations 
were very high. However, the results demonstrated conclusively that inclusion of 
gefitinib provided no benefit over standard therapy with respect to progression- 
free or overall survival. Gelitinib was still approved based on low but consistent 
response rates (in 2002 in Japan; in 2003 in the United States) for patients with 
chemotherapy-refractive NSCLC and on the basis of its favorable safety profile 
(Figure 1). 

At the time of approval, there was still little understanding of predictive markers. 
As in the earlier trials but with lower frequency, a small subset of patients had 
exhibited dramatic responses. Therefore, retrospective studies focused on respon- 
ders to identify biomarkers correlated with gefitinib sensitivity [31,32]. Unlike the 
case of HER2-positivc breast cancer, there was no correlation between intensity of 
immunohistochcmical staining and response, indicating that EGFR overexpression 
alone is an insufficient predictor of response. The key finding, however, was that 
dramatic responders harbor mutations in the intracellular tyrosine kinase domain of 
EGFR that result in a hyperactivatcd receptor: a four-residue deletion (AE746- 
A750; accounts for 45% of EGFR-bascd resistance). L858R (45%). and a scattered 
few other mutations (10%). Thus, patients that respond to gefitinib display features 
of oncogene addiction, and addiction is most commonly traced to activating KD 
mutations. However, the limitations in efficacy of the clinical EGFR inhibitors 
became readily apparent shortly thereafter. As in CML. but at a much higher 
frequency and on the time scale of months rather than years, relapses involving 
acquired KD mutations that confer dnig resistance were reported in the majority of 
responders. The most prevalent mutation associated with resistance to gefitinib and 
erlotinib involves the gatekeeper residue. T790M. in the catalytic domain of the 
EGFR kinase. 

One possible way to deal with resistance is through the use of irreversible 
inhibitors. The irreversible inhibitor HKI-272 has shown some promise in early 
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clinical evaluation (Table 1), but this compound cannot completely inhibit EGFR 
carrying the T790M mutation. The combination of HKI-272 and rapamycin induced 
dramatic tumor regression in an crlotmib-resistant mouse model of lung cancer [33). 
Thus, although an objective criterion has been established to identify patients who 
are likely to benefit from clinical EGFR inhibitors, further studies addressing the 
frequent problem of acquired drug resistance, as well as identifying novel targets in 
patients who lack activating EGFR mutations, will be essential to forward progress 
in NSCLC therapy. 


BRAF V600E MUTATION IN MELANOMA 


Melanoma* by far the deadliest form of skin cancer, originates in pigmented cells 
called melanocytes, which are found primarily in the skin. In concert with a close- 
lying network of epidermal keratinocytes that secrete factors responsible for 
regulating melanocyte function* melanocytes respond to exposure to ultraviolet 
light by producing melanin and bring about the tanning phenomenon (34). 

Melanocytes originate from highly motile cells and have unusually low 
susceptibility to pro-apoplotic cytotoxic agents. Most cases of melanoma (80%) 
are detected and treated by surgical resection at a relatively early disease stage, 
and the prognosis is good for these patients. With 25,000 cases annually world- 
wide. metastatic melanoma is relatively rare but poses a great clinical challenge. 
Median survival from diagnosis is less than one year and the five-year survival rate 
is less than 5%. 

One smoking gun in the melanoma story is BRAF. a serine/threonmc-specilic 
kinase that transduces signals dow nstream of receptor tyrosine kinases and other 
signaling cascades via the RAS/RAF/MEK/ERK pathway (Figure 5). BRAF is 
mutated in at least 70% of melanoma cases, and a single mutation. V600E. 
accounts for 90% of these occurrences (reviewed in by Gray-Schopfer et al. (34)). 
Thus. BRAF V600E is detected in about 63% of all melanoma specimens surve- 
yed. Furthermore, this gain-of- function mutation confers a RAS-mdcpcndcnt. 
500-fold increase in kinase activity and potentiates increased proliferation, sur- 
vival. and transformation. The structural basis for this dramatic activation has been 
dissected elegantly and involves disruption of interaction between the glycine-rich 
loop and the activation segment in the kinase domain of BRAF (35). 

There is considerable interest in developing potent BRAF inhibitors. However, 
the plot is more complicated than was appreciated initially. For example, careful 
investigation of rare inactivating BRAF mutations that preclude activation of 
downstream MEK lead to the realization that BRAF can activate CRAF in normal 
and malignant cells and that CRAF can then activate MEK as well as other signal 
transduction pathways (Figure 5). Thus, it is difficult to gauge the signaling flow to 
MEK through these two RAF isofoims. Interestingly. CRAF mutations arc 
exceedingly rare. Although prevalent, the BRAF V600E mutation is not sufficient 
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Figure 5. RAS/RAF signaling pathway in melanoma. Normally, signaling in the RASRAF/MEK/ 
ERK pathway channels primarily through BRAF, although BRAF activate CRAF in a RAS- 
dependcnt manner. The BRAF V600E mutant causes constitutive activation of the kinase and 
subsequent increased signaling through the BRAF arm of the pathway. Additionally, activation of 
CRAF by BRAF becomes RAS independent. 

to cause cancer and must cooperate with other processes that arc not yet well 
understood. 

Another strong indication that the RAS/RAF/MEK/ERK pathway is central to 
melanoma biology is that 15 to 30% of melanomas carry an NRAS mutation, most 
commonly Q61L (reviewed by Gray-Schopfer ct al. (34)). Given the observation 
that RAS and RAF mutations are mutually exclusive, this implies that 85 to 100% 
of melanoma sufferers carry a RAS or RAF mutation, and the direct consequence 
in most scenarios is constitutive ERK signaling. What is the best target in this 
cascade? The first attempts to derail BRAF V600E utilized the multikinase 
inhibitor sorafenib [36J (Table 1), whose targets include BRAF (IC 50 : 25 nM), 
BRAF V600E (IC 50 : 38 nM). CRAF (IC*,: 6 nM). VEGFR 1 and VEGFR2 (ICjo: 
26 and 90 nM. respectively), and PDGFRfJ (IC 50 : 57 nM) (36,37]. Single-agent 
sorafenib therapy has not been successful in clinical trials for advanced melanoma 
(38), but phase II trials in which sorafenib is combined with paclitaxel and 
carboplatin arc showing more promise (39] (Figure 1). More recently, impressive 
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prcclinical findings regarding the RAF kinase and angiogenesis inhibitor RAF265 
(formerly CH1R-265). and a potent and specific BRAF inhibitor, SB-590885 (40). 
have been reported [34] (Table 1). 

Why does sorafenib. a relatively potent BRAF inhibitor, fail as a single-agent 
therapy for melanoma? One possibility is that the unusual properties of melano- 
cytes come into play. For example, rather than functioning in apoptosis induction. 
TNF-a signaling appears to confer a survival advantage on melanoma cells in 
which the activity of BRAF is inhibited (41). Is BRAF even the right target? It is 
now generally held that a pan-RAF specific inhibitor might be a better choice than 
a BRAF-specific inhibitor, and that, at a minimum, an improved potency BRAF 
inhibitor is needed. Another possibility is that the RAS and RAF mutations 
provide a signpost as to which cascade or cascades to target, but that MEK is a 
better target. One problem in targeting MEK is that this kinase also impinges on 
immune signaling pathways, and long-term inhibition could negatively affect 
innate immune function. 

Despite identification of key dysrcgulated signaling molecules, the pathway to 
utilizing this information clinically remains veiled. The benefits of targeting 
multiple pathways, including angiogenic factors and the PI-3 kinase pathway, as 
well as combining targeted therapies with HSP90 inhibitors, agents that 
destabilize multiple client proteins, are under investigation (Table 1). Addition- 
ally. the characteristic constitutive activation of MEK-ERK signaling in mela- 
noma has recently been linked to JNK signaling (42). Cooperation between these 
two pathways constitutes a rewiring of key signal transduction pathways in 
melanoma. Once a more complete understanding of the consequences of up- 
regulation of JNK in melanoma has been established, additional therapeutic 
targets may become clear. We have identified important pieces of the puzzle, but 
a multipronged approach appears necessary. BRAF mutations, predominantly 
V600E. also occur with high frequency in ovarian (30%), thyroid (30%). and 
colorectal cancer (15%). One hope is that the lessons learned in the beautiful 
detective work pertaining to melanoma biology will have therapeutic implica- 
tions for these diseases as well. 


JAK2 IN POLYCYTHEMIA VERA 

Classified as one of the myeloproliferative disorders (MPDs), polycythemia vera 
(PV) is an acquired disorder of the bone marrow that results in characteristic 
crythrocytosis. accompanied by moderate leukocytosis and thrombocytosis. Cur- 
rently. recommended treatment typically involves frequent phlebotomy to control 
heightened hematocrit levels, in addition to administering low-dose aspirin to 
reduce the nsk of thromboembolic complications [43]. For patients with evidence 
of a high risk of thrombosis or progressive mycloprolifcration, hydroxyurea, an 
anti metabolite inhibitor of DNA synthesis, is first-line cytoreductive treatment. 
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In 2005, several research groups identified a single point mutation in the JAK2 
tyrosine kinase in the vast majority of PV patients as well as in subsets of patients 
with various other MPDs. in particular essential thrombocytosis and idiopathic 
myelofibrosis (reviewed by Levine and Gilliland (44); Figure I). This somatic 
mutation, a phenylalanine substituted for valine at residue 617 (termed V6I7F), 
occurs in the cataly tically inactive pscudokinase domain of JAK2 and is detected 
in approximately 95% of patients with PV. Functionally, this ammo acid exchange 
renders the kinase constitutivcly activated and leads to increased cellular growth 
and proliferation via overactivation of the JAK-STAT signaling pathway (45). The 
pscudokinase domain is believed to serve an autoregulatory function, maintaining 
the IH1 kinase domain in a conformation that precludes phosphorylation of a 
specific tyrosine residue required for full activation of the kinase. The crystal 
structures of the kinase domains of JAK2 (46) and JAK3 (47) have been solved and 
are strikingly similar (Figure 6). Molecular modeling and functional studies 



Figure 6. Crystallographic comparison of JAK2 and JAJC3. The tyrosine kinase domains of JAK2 
(blue) and JAJC3 (green) bound to the specific small-molecule pan-JAK inhibitor CMP6 (yellow) and 
staurosporine analog AFN941 (magenta), respectively, feature a high degree of homology and are 
shown superimposed above. (Image graciously provided with permission from J. Rcssjohn [46].) (See 
insert for color representation.) 
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examining the interaction of the pscudokmase and kinase domains of JAK2 predict 
that three specific regions within the pseudokinasc domain form an interface with 
the kinase domain, and that phosphorylation of Tyr 1007 within the kinase domain 
disrupts this interaction and thereby activates JAK2 in an EPO-receptor-indcpen- 
dent fashion [48]. These studies do not reveal an obvious role for the clinically 
prevalent JAK2 V617F mutation in disrupting regulatory control, and further 
structural studies arc clearly warranted. 

Is JAK2 V617F as central to PV as the Bcr-Abl tyrosine kinase is to CML 
pathogenesis'? It has been shown that hematopoietic stem cells expressing 
JAK2 V617F produce a PV-like phenotype in a munne model, and exposure of 
patient primary cells to JAK2 siRNA prevents EPO-indepcndcnt colony forma- 
tion. a hallmark of PV [49]. Taken together, these results add to the building 
evidence supporting a critical role for JAK2 V617F in the development of PV. 
Also, novel activating mutations were reported recently in exon 12 of JAK2 in 
10 of 10 patients with a diagnosis of V617F-negative PV. These mutations 
demonstrated effects similar to those of JAK2 V617F in functional assays, 
including EPO-indepcndcnt in vitro erythroid colony formation [50]. However, 
there is also evidence to suggest that, while important, mutating JAK2 may not be 
the primary event in disease development. For example, the V617F mutation can 
be detected at low levels in a small percentage of normal subjects who do not 
have PV. 

As a relatively new arrival to the molecularly targeted cancer therapy scene, the 
excitement surrounding the discover)* of JAK2 mutations in PV and other MPDs 
has prompted a rapid move to develop a clinical inhibitor of JAK2. Several pan- 
JAK inhibitors have been reported, but these are not clinically viable, due to 
formulation and toxicity issues. It is difficult to predict whether a pan-JAK kinase 
inhibitor could be acceptable in the treatment of JAK2 V617F-positive MPDs. but 
it is unlikely, since the JAKs play important, nonredundant roles in hematopoiesis. 
At the same time, due to the fact that members of the JAK family all bear a high 
degree of homology to one another (Figure 6), the design of a clinical JAK2- 
specific small-molecule inhibitor may prove quite challenging. One compound 
that has shown some promise in prcclinical studies, TG101209 [51] (Table 1). is 
likely to enter clinical trials in the near future. However, if JAK2 specificity 
remains a high hurdle to clear in the clinic, it could perhaps dictate a shift in 
development focus to productive interference with another downstream compo- 
nent of the JAK-STAT pathway [45,49]. Another consideration is health care 
economics. Current PV therapies, although strictly speaking mostly only sympto- 
matic (with the possible exception of IFN-a), are quite effective in reducing 
complications of the disease*, and they are cheap. It is difficult to sec how an agent 
with therapy costs of $24,000 a year (the costs of standard-dose imatinib therapy 
for CML) could compete with hydrea and aspirin in economic terms. Thus. large- 
scale comparative studies will be required to establish whether a specific JAK2 
inhibitor demonstrates significant clinical benefit in the treatment of PV and other 
JAK2 V617F-positive MPDs. 
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THERAPEUTIC STRATEGIES FOR MYELODYSPLASTIC SYNDROMES 

Myclody splastic syndromes (MDS) span a range of clinical and biological 
manifestations (52). The affected patient population encompasses older persons, 
and outcomes vary widely for patients allocated to the same risk groups based on 
the International Prognostic Staging System (IPSS). In this and other cases (e.g.. 
NSCLC). disease heterogeneity prcsenLs a formidable challenge with respect to 
designing targeted therapy. 

The occurrence of symptomatic anemia is the most common indicator of carly- 
stage MDS. Erythropoietin therapy is beneficial in selected patients, although 
efficacy often diminishes over time and red blood cell transfusions arc then 
required [53]. Aside from continued fatigue, the major long-term concern with 
chronic transfusion therapy is iron overload with resulting cardiac or hepatic 
impairment. Allogeneic transplantation is the only curative treatment for MDS. 
but this procedure is associated with considerable morbidity and mortality. 
Therefore, transplantation is generally reserved for patients at high risk. Unfortu- 
nately. even upon successful transplantation, there is still significant nsk of relapse 
if the disease is advanced [53]. 

The nucleoside analogs 5-azacytidine (Vidaza) and decitabine (Dacogen) 
(reviewed by Corey et al. [52]), have been investigated over the past decade for 
their potential in treating MDS. and although they have been approved for all 
patient nsk groups, their DNA dcmclhylation mode of action inherently limits their 
specificity. Although significant responses have been seen in MDS patients at 
intermediate and high IPSS risk, multiple courses of treatment are required and the 
median response duration is less than one year. More recently, lenalidomide 
(Rcvlimid). an orally administered analog of thalidomide, has been approved by 
the FDA after producing dramatic responses in patients with the 5q-syndrome. a 
specific subtype of MDS clinically characterized by anemia, a normal platelet 
count, low bone manow blasts, and at the cytogenetic level, isolated interstitial 
deletion of the long arm of chromosome 5. including bands q31 to q33 [54] (Figure 1 
and Table 1). Responses included significant improvements or normalization of 
hemoglobin and suppression of the abnormal clone in approximately two-thirds of 
patients [55]. The duration of responses is not yet known, and insufficient data are 
currently available for patients with more advanced MDS [56]. 

How docs lenalidomide work against MDS. and does lenalidomide therapy 
represent a targeted therapy? One would surmise that a gene contained in the 
commonly deleted region of chromosome 5 must be involved in a pathway that is 
targeted by lenalidomide. and hence in disease pathogenesis. As decades of 
research into the genes in this region failed to identify inactivating mutations of the 
remaining allele in any of the candidates, this must be a haploinsufficient tumor 
suppressor gene. Thus, the prediction is that the drug may suppress a pathway that 
is overactive in cells that arc haplodeficient for the presumed tumor suppressor. 
Several candidates have been identified by gene expression profiling comparing 
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the lcnalidonudc response of normal versus 5q- crythroblasts (57,58]. However, it 
has not yet been established how these transcriptional changes relate to the 
hypothetical disease-initiating gcnc(s) in patients with 5q-syndromc. Interestingly, 
the Sq -abnormality has a dominant effect on responses, as evidenced by the fact 
that patients with a complex karyotype that includes 5q- also achieve responses to 
lcnalidomide. On the other hand, responses are much less frequent in MDS 
patients without deletions of 5q- [59]. 

Overall, we currently do not fully understand why and how lenalidomide works, 
and it seems that deciphering the script will be more difficult than in the ease of 
NSCLC. However, as lenalidomide has also been observed to exhibit activity in 
patients with refractory multiple myeloma (reviewed by Strobcck (60)). it appears 
that the importance of characterizing lenalidomidc’s specific targets and mode of 
action may extend beyond MDS to benefit therapeutic progress in other malig- 
nancies as well. 


CLOSING THOUGHTS 

The success of imatinib in CML created a surge to find and target the Achilles* 
heel in other malignancies. To date, the unearthing of highly prevalent, activating 
mutations has been reasonably successful, including the discovery of JAK2 V617F 
in PV and other MPDs and BRAF V600E in melanoma. However, it has also 
become increasingly clear that the business of interrupting malignant signaling 
cascades is filled with unexpected twists and turns. Even in cases for which an 
oncogenic kinase is unequivocally identified and effectively inhibited, there is no 
guarantee of results mirroring the imatimb/CML paradigm. We also now recog- 
nize that overexpression of a given kinase (c.g., EGFR in NSCLC) does not in 
itself provide target validation and may in fact be misleading. Indeed, it seems that 
our ability to identify appropriate targets in other malignancies remains contingent 
upon a gradual dissecting of molecular anomalies and pathways that arc essential 
in a subset of patients from those that are merely common. 

Imatinib has revealed the potential of small-molecule kinase inhibitors as 
effective and well-tolerated therapies in selected patients with diseases that have 
a relatively simple molecular design. In other cancers, however, avenues to progress 
have been very slow to materialize, as deciphering the molecular details of 
oncogenic targets docs not mean that we can necessarily design small-molecule 
inhibitors with narrow specificity. Engineering candidate compounds still requires 
sifting through substantial chemical libraries looking for hits while being mindful of 
toxicity and off-target effects. Regardless, even when such inhibitors are developed 
and validated in vitro and in preclinical models, the reality remains that effective 
translation of these results into the clinic has proven a challenging task. 

How can we apply the imatinib paradigm to these more complex situations? It is 
important not to lose sight of the need for a molecular understanding of why we 
expect a targeted-therapy approach to accomplish its goal. This may require 
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consideration of rational approaches to targeting more than one pathway and/or 
cutting off workarounds when one pathway is targeted successfully. For HER2 
overexpression in breast cancer and BRAF V600E in melanoma, adequate 
inhibition of target tyrosine kinase activity is achieved, although there is 
insufficient interruption of downstream signaling (Akt pathway via HER3 or 
MEK-ERK pathway via CRAF. respectively). In general, it appears that progress 
will require simultaneous oversimplification (to design intervention strategies) and 
recognition of complexity (to be vigilant in anticipating and responding to 
problems such as unanticipated escape pathways and acquired drug resistance). 

Assuming that the imatmib paradigm in CML is extendable to other cancers, 
what arc the roots of success? A partial list includes matching patient subsets to the 
appropriate drug, improvements in genetic screening, detection diagnostics and 
technology for monitoring degree of remission, anticipating and minimizing resist- 
ance, and continuing to streamline the dmg development process. Using NSCLC as 
an example, “perceived failures’* are often, in fact, attributable to the difficulty of 
identifying and stratifying receptive patient populations at the outset of a trial. 
Therefore, it is important not only to design trials as effectively as possible but also 
to sift through the results meticulously to identify reasons for rare responses, as was 
done elegantly subsequent to the large NSCLC trials. Unfortunately, this necessa- 
rily comes very late in an expensive process for large, unselcctcd trials. 

Our current understanding of cancer is fundamentally different from that a 
decade ago. and this has greatly informed current treatment strategics. There is 
now less focus on where a particular cancer occurs in the body and more emphasis 
on pinpointing the molecular dependencies that allow the tumor to expand. There 
is a push to develop novel targeted therapies, but also mounting evidence that even 
under best-case scenarios, kinase inhibitors, although effective for dcbulking 
malignancies, may not be curative. Imatinib. the exemplar of successful targeted 
therapy, dramatically changed the prognosis for patients with CML, but it 
probably docs not cure the disease. Whether a combination of Abl inhibitors 
will be capable of achieving this aim remains to be answered in clinical trials. 
Nonetheless, the past decade has seen enormous progress in understanding and 
Heating cancer, and just as each advance that is rebuked illuminates further 
complexities, it also enhances our knowledge. Much remains to be done, but we 
continue to move closer to our goal of understanding a disease, knowing how to 
treat it effectively from the ground up. and striving toward a cure. 
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INTRODUCTION 

The word epidemiology is derived from the Greek roots epi (on or among) and 
demos (people). Epidemiology is conventionally defined as the “study of the 
distribution and determinants of health-related states or events in specified 
populations and the application of this study to control health problems" (1). 
Although laboratory animal, cell culture, and other sorts of experiments conducted 
in highly controlled environments can deepen our understanding of the pathophy- 
siological bases of disease, what we know definitively about human cancers must 
come from studies of human beings. This difficult business of establishing 
“cause" is the province of epidemiology. 

As highlighted in other chapters of this book, cancer represents a wide variety 
of diseases that vary in terms of anatomical site, histology, molecular biology. 
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morphology, and a variety of other characteristics. The study of human cancers is 
complicated by the heterogeneous nature of cancer and by a number of other 
factors, including generally long, but variable, periods of latency: the multi- 
factorial nature of “cause"; methodologic challenges inherent in measuring 
common risk factors; and ethical issues that preclude examining the natural 
history of cancer in a manner analogous to methods employed in studies of cells in 
culture and of laboratory animals. 

Reflecting the heterogeneity of the disease processes implied in the natural 
histories of cancers and the complex relationships between and among factors that 
can cause or prevent disease, many different outcome measures are used in 
epidemiologic studies of cancer. These include detection of new cancers (inci- 
dence). the presence of cancer in a population (prevalence), and survival from a 
cancer after diagnosis (disease-free survival and mortality). In addition, there are 
various intermediate endpoints, such as precancerous lesions (c.g.. colorectal 
polyps and oral precancerous lesions). Some cancers, such as colorectal, oral, 
and cervical, can be screened to detect such precancerous lesions, and such 
screening therefore constitutes real primary prevention (i.e., to lower incidence) 
by removing a lesion before it becomes cancer. Screening for others, such as breast 
and prostate, arc focused on "downstaging" of disease at the time of diagnosis and 
therefore represent secondary prevention (because we can influence survival and 
thereby prevalence). One consequence of screening is that incidence may actually 
increase artificially for a time (as was the case for prostate cancer in the early to 
mid-1990s with the advent of prostate-specific antigen (PSA) for widespread, 
population-based screening). There also arc attempts to improve quality of life, and 
some of these types of studies have resulted in apparent survival benefits [2.3). 

Despite the many challenges that face cancer epidemiologists in conducting 
studies, we actually know a lot about how to prevent many cancers, and the best 
way to treat or control many others that we cannot, or will not. be able to prevent 
for the foreseeable future. Much of what remains to be done in advancing the field 
requires moving past the normal boundaries of what we have defined as the 
domain of conventional epidemiology. 

In the following sections we focus on the ways in which we collect information 
and gain knowledge, the factors that influence the probability of getting or dying 
of cancer, and brief summaries of what we know about specific cancers. Besides 
acting as a practical guide toward understanding the cunent knowledge basis, in 
the final section we point out challenges and directions for future research. 


TYPES OF STUDIES 


Virtually all studies of humans are epidemiologic. Typically, these arc organized 
in a hierarchical fashion, with those representing the least stringent types of 
control being seen as methodologically inferior to those in which lighter control is 
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exercised or at least possible. Of course, there is a trade-off between possible 
control and both mcthodologic complexity and risk factor heterogeneity. 
For example, we sacrifice access to greater generalizability in identifying and 
quantifying nsk factors in order to recruit well-educated, compliant persons into 
our studies. Indeed, the narrow range of exposures that arc often entailed in large- 
scale epidemiologic studies limits our ability to discern effects that may be seen in 
more tightly controlled human studies or in laboratory animal experiments in 
which researchers can drastically alter the amounts of particular substances given 
“research subjects" [4J. 

Descriptive Studies 

Descriptive studies rely on the use of aggregate data to describe a situation or 
condition. These sorts of studies are generally exploratory and do not attempt to 
infer causation to a specific exposure-disease relationship. Often, they are 
conducted in advance of some other sort of formal study: cither a methodologi- 
cally more rigorous epidemiologic study or a more tightly controlled laboratory 
experiment. As such, they arc often used as ideal places in which to generate 
hypotheses to be tested using other studies. The advantages of these sorts of 
studies include: 

• A large range of outcomes. For cancer rates these might be 100-fold or more 
different, compared to just a few percentage points different in comparing 
subpopulations in a particular population (say, African Americans versus 
European Americans in the United States) (5). 

• A large range of potential predictors. Dietary factors, for example, may 
vary 10 - or even 100 -fold between populations, as opposed to just a few 
percentage points within populations. 

However, they also have disadvantages, including the inability to: 

• Examine relevant subgroups. Because the data are aggregated, it is not 
possible to understand how specific groups of people might have been 
exposed to a particular agent or substance. 

• Control for confounding or to estimate how one factor might influence 
another. Because we do not have data on individuals, we cannot rule out 
factors that would interfere with our seeing clearly how certain risk factors 
influence cancer or understand how various factors may interact with one 
another at the level of the individual in order to modify risk. 

• Reproduce/replicate results. One of the hallmarks of science is to be able to 
replicate studies and verify results obtained in particular experiments: 
clearly, this cannot happen in noncxpcrimcntal situations where we have 
limited capability to examine aggregate results. 
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Cross-Sectional Comparisons 

These compare data that are aggregated from smaller sampling frames, or 
sometimes at the level of individuals, into groups. Although such data may be 
from repeat surveys conducted over time, for the purposes of these comparisons 
the focus is on observations made at only one point in time. Completion of this 
type of study can be conducted relatively inexpensively and quickly compared to 
virtually any other study design. However, by their very design, cross-sectional 
studies cannot reveal the temporal sequence of events in relation to one another or 
establish a causal relationship between the exposure and disease. Furthermore, 
only disease prevalence, not incidence, can be calculated in this type of study. 
Cross-sectional studies often simply compare, for example, prevalence rates of 
particular cancers in one place or geographical region to those in another place or 
geographical region. As such, they require no special statistical modeling. 


Ecological Studies 

These studies represent a transition to analytical studies in that they employ 
aggregate data of cancer rates to compare populations in relation to putative risk 
factors. Exposure and disease information is collected at a group or population 
level, not at an individual level, at “virtually the same time.** Group mean values 
or rates of the outcome of interest and the postulated nsk factors) arc calculated. 
Typically, these are plotted to ascertain if a relationship is evident. Sometimes, 
analyses may entail statistical modeling. Some of the classical early identification 
of dietary factors (primarily fat and total energy) in relation to cancer fall into this 
category (6). Aggregated measurements, such as the average amount of fat intake, 
summarize the characteristics within a population and are then compared to an 
aggregate measure of disease or a disease-related outcome. Measurements also 
can be made at an environmental level to represent the physical attributes of a 
geographic location, such as average sunlight exposure, air pollution, and water or 
soil contamination. A third type of variable used in ecological studies is a measu- 
rement representing populations that are not reducible to the individuals within 
that group, also known as a global measure. Examples include the existence of 
health inequalities, the presence or absence of a certain law, or a type of political, 
social, or health care system. 

There are two general types of ecological studies: 

1. Those that compare cancer rates and risk factor exposures at “virtually the 
same time*' but in various places (e.g.. the classic cross-national compar- 
isons of diet and cancer mortality rates). These include the earliest 
ecological studies from which many of the diet-cancer hypotheses arose 
(6) and have now expanded to the use of sophisticated mathematical 
modeling (7.8). Results from these studies tend to be consistent with 
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findings from laboratory animal experiments showing that diet is a powerful 
determinant of the incidence of many cancers, especially the hormone- 
sensitive cancers and other cancers of affluence, such as colorectal. 

2. Those that follow the experience of populations that move (i.e., migrate) 
compared to genetically similar ones that stay in one place. In these compa- 
risons it is possible to control for possible genetic factors (c.g., these would 
include the classic comparisons of Japanese migrants to Japanese remaining 
in Japan on aggregate cancer rates in relation to aggregate rates of exposure 
to factors of interest such as diet) (9J. 

Analytical Studies 

Analytical studies measure both disease-related outcomes and putative risk 
factors, such as diet, physical activity, and alcohol and tobacco use, at the level 
of the individual. The vast majority <>99%) of all epidemiologic studies in the 
medical literature fall into this category. The advantages and disadvantages of 
these types of studies are the converse of those listed for descriptive studies. The 
advantages include: 

• 'The ability to focus on relevant subgroups. Because we collect data at the 
level of the individual it is possible to estimate measures of association 
based on specific sociodemographic subgroups. There may. however, be 
practical limitations in terms of numbers of people within groups who are 
enrolled and measured. 

• The capacity to control for confounding and estimate effect modification. 
Again, because measurements are made at the level of the individuals it is 
possible to control for confounders (i.e., factors that may be related to 
outcome only because of a spurious statistical association and not because 
of a causal relationship) and estimate effect modification (i.e.. the degree to 
which one factor, c.g.. tobacco, may affect that of another, c.g., alcohol or 
dietary fat). 

• Scope for reproducing/replicating results. Although this may be expensive, 
it is possible to repeat, reproduce, or replicate such studies. 

However, they also have disadvantages, including: 

• Limited variability in disease rates. Although not an inherent problem with 
such studies, the practical reality is that these studies are based within 
populations such that variation in cancer rates is usually much smaller than 
that observed across populations (7). 

• Narrow range of potential predictors. Essentially, this problem is similar to 
the preceding problem: Populations that are convenient to study usually 
occupy a fairly narrow range of the “exposure spectrum’* [4,5.10]. 
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• Biased exposure estimates. Unlike ecological studies, we rely in these 
studies on self-estimates of exposures (c.g., diet, sexual behavior). These 
are known or suspected to have numerous, often serious biases that 
can distort the results of epidemiologic analyses and result in faulty 
inferences [11]. 


Case-Control Studies 

These studies comprise the majority of analytic epidemiologic studies in cancer. In 
studies of this design, participants arc compared according to whether they 
have disease (i.c.. a case is defined as a person with cancer or a prccancerous 
lesion) or not [i.c., a control is cither known not to have the disease under study 
(typically the case in hospital-based studies) or is assumed to have a low 
probability of having the disease (typically the case in population-based studies)]. 
Past exposures to potential risk factors arc measured retrospectively. Cases and 
controls arc then compared on the measured exposures and the odds ratio (the odds 
of being a case versus a control, given exposure) is then calculated. Advantages of 
this type of design include the ability to estimate associations in a timely and 
eflicicnt manner because follow-up is not necessary* and the number of participants 
needed to obtain a necessary sample size is smaller (because we can know in 
advance approximately how many “cases** can be enrolled over a set period of 
time and no expense is incurred for having to “wait** for people to get disease). 
However, the possibility of methodological bias may affect case-control studies 
more readily than cohort or prospective studies. Selection bias can occur if cases 
and controls are not selected from similar populations. Also, case-control studies 
are subject to recall bias, for example, in situations in which the study subjects are 
asked retrospectively to recall an exposure postulated (or assumed by the 
participant) to be a risk factor. 

An interesting variant of the traditional case-control design is the nested case- 
control study . in which cases arc identified within a well-established cohort. The 
cases are persons who have developed the outcome or disease of interest over the 
cohort follow-up period. Controls are selected among persons at risk (i.c.. disease- 
free) at the time that each case occurs. Cases and controls are selected from the 
same reference cohort population, so that selection bias tends to be diminished in a 
nested case-control design. Most large-scale cohorts using biomarkcrs of expo- 
sure arc analyzed in this way. 


Cohort Studies 

In contrast to the case-control study design, in which the study subjects are 
classified according to whether or not they have cancer (or another endpoint 
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related to cancer, such as a precanccrous lesion), here people are defined 
according to exposure status. A cohort or prospective study is considered the 
“gold standard" in observational epidemiology in that data obtained in a study 
of this design, if unbiased, reflect the temporal sequence of cause and effect. 
The basic components of a cohort study include the identification and follow-up 
of a group of disease-free people (i.e., a cohort) over a specified period of time 
in order to ascertain the development of a certain outcome. Once a defined 
population is identified and all prevalent cases of the outcome are excluded, the 
cohort subjects are classified according to exposure status. Follow-up over a 
period of time allows for researchers to ascertain the incidence of the outcome 
of interest and to compare the outcome between the exposure groups. Because 
the cohort is healthy at the beginning of the study (and means are available for 
helping to ensure that this assumption is met), the overall objective of a cohort 
study is to determine whether the incidence of a cancer is related to postulated 
exposures. Obviously, a cohort study allows us to follow a population to 
examine its experience of a variety of disease endpoints and relate the 
occurrence of these outcomes to as many risk factors as we may have been 
able to measure. 

The main advantage of a cohort study is the ability to investigate causality in an 
exposure-disease relationship in order to capture temporal sequence (without 
biases resulting from retrospective assessment). However, the undertaking of such 
a study is generally very time consuming, costly, and requires many thousands 
(often, hundreds of thousands) of subjects in order to obtain enough disease or 
other outcomes. A variant of the traditional prospective cohort design is the 
nonconcurrcnt. or historical cohort, in which a cohort is identified retrospectively 
on the basis of existing data or records and followed up to the time when the study 
is being conducted. Historical studies, often using occupational records, can be 
done more quickly and inexpensively than prospective cohort studies. However, 
researchers must rely on available information, which may not be accurate or 
adequate to fulfill the study objectives. Nonetheless, nonconcurrcnt study designs 
are a useful tool in epidemiologic investigations. This is especially true in regard 
to the study of cancer. The latency period for most cancers can be decades long. 
The ability of a researcher to obtain a disease-free population and measure 
exposures for this amount of time in order to ascertain cancer incidence may 
not be feasible or preferred. Therefore, the use of a retrospective study design may 
prove advantageous in these situations. 


Interventions 

Interventions can take the form of clinical or community trials. Essentially, these 
arc cohort studies in which one (or occasionally, two) factors arc manipulated by 
design (e.g., by random assignment of a study agent). 
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RISK FACTORS AND CAUSES OF CANCER 
Age 

Age is the most ubiquitous cancer-related risk factor. Most, but not all. cancers 
evince a pattern of increasing incidence with age. This is due to the fact that 
genetic damage leading to cancer accumulates over time, and that the machinery 
necessary to detect and eradicate cancer (e.g., immune surveillance systems) tends 
to become more error prone and less efficient with age. Exceptions to the general 
rule of incidence increasing with age include some of the soft-tissue neoplasms of 
childhood (several types of leukemias), lymphoma, and testicular cancer. For 
some cancers, most notably hormone-sensitive cancers such as breast and prostate, 
virulence is associated inversely with age; the older the age at presentation, the 
more indolent, or slowing, the cancer tends to be. For both of these reasons, it is 
recommended that efforts aimed at early detection cease at age 74 years for most 
cancers for which we commonly screen. When comparing cancer rates across 
populations, it is very impoitant to age-standardizc the data to account for 
differences that might exist in the age structure of the populations (and therefore 
would mislead in terms of misestimating the real risk or the public health impact 
of cancer). In epidemiologic studies, age must be controlled, cither by matching, 
by using statistical methods of adjustment, or both. 


Gender 

Certain cancers occur exclusively in men (e.g.. prostate, testicular) or women 
(e.g.. cervical, ovarian, vaginal, and endometrial). Others are much more common 
in one gender than the other (e.g.. breast in women and esophageal cancer in men). 
Others are about evenly distributed (e.g.. colorectal). In general, men have higher 
overall cancer incidence and much worse survival than women. Analyses of 
cancer data require control for gender. Usually, this entails stratifying by gender 
(i.c., looking at men and women separately) but also can entail use of more 
sophisticated statistical methods of control. 

Lifestyle Factors 
Diet 

The importance of diet in maintaining health and preventing disease, including 
cancers of many anatomical sites, has been recognized for millennia. A quarter of 
a century ago. Richard Doll and Richard Peto estimated that 35% of all human 
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cancel* arc caused by diet ( 12 ). an estimate that is current despite uncertainty and 
correspondingly wide confidence limits. Early in the scientific study of diet and 
cancer it was shown that dietary fat increases risk in certain animal models of 
cancer and subsequent work in humans. Analytical studies have not been 
supportive. 

Over the past several decades there has been greatly increased focus on specific 
micronutrients (nutrients such as minerals and vitamins that do not contribute 
calories to the diet) and other constituents of the diet, including compounds in 
spices and categories of fiber (c.g., some nondigcstiblc components). On balance, 
patterns of nutrient consumption associated with vegetarian diets and certain 
traditional food ways (c.g.. East Asian. South Asian. Mediterranean cuisines) are 
associated with lower overall cancer rates. Consistent with this, there is a body of 
evidence showing that meat (especially processed and red meat) intake is asso- 
ciated with increased cancer risk. The International Agency for Research in 
Cancer (1ARC) concludes that greater consumption of vegetables and fmits is 
associated with decreased risk of lung, esophageal, stomach, and colorectal 
cancer. The connections with other cancers are considered “probable." In general, 
the strongest evidence for diet and cancer comes from free-living populations that 
choose to eat diets that diverge from the Western norm. Cross-cultural studies 
designed to measure and test the effect of diets of individuals who differ from one 
another to as great a degree as countries represented in cross-national comparisons 
have not been undertaken. 

In summary, whole-food, vegetarian, or near-vegetarian diets arc associated 
with lower rates of cancer. Usually, supportive findings derive from studies outside 
the nutritional mainstream in countries such as the United States. Many of the 
components of these diets appear to be protective. Attempts to study specific 
dietary components, especially in humans, generally have not met with much 
success (13). 


Physical Activity 

Physical activity and the result of energy expenditure influence overall health, 
including the management of weight, increasing one's psychological well-being, 
and reducing the risk of obesity, diabetes, high blood pressure, and heart disease. 
In addition to these health benefits, investigators have found that physical 
activity is advantageous in reducing the risk of various types of cancer. Various 
mechanisms through which physical activity can influence the risk of cancer 
include alterations in the distribution of body fat. production of sex hormones 
and other metabolic factors, and changes in weight and body mass index. Several 
studies have indicated a reduced risk of hormone-sensitive cancers among people 
who arc physically active. Changes in body mass and a person's relative weight 
can alter the metabolism of sex hormones, such as estrogens, thus influencing a 
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woman's risk of breast and ovarian cancer. Researchers have also found that 
people who arc physically active reduce their risk of colon cancer by as much as 
50%. This may be due to regular activity aiding in regulating bowel movements, 
thus reducing the exposure time of possible carcinogens to the colon, and may 
alter other influences on colon cancer risk, such as inflammatory or immune 
factors. Physical activity, or the lack thereof, later in life has been shown to 
greatly affect breast cancer. Weight change and physical activity influence a 
woman’s risk of breast cancer more dramatically after menopause than before, 
due primarily to the association of central or upper body fat and changes in 
hormone production. In summary, energy balance, body mass, immune and 
inflammatory functions, and other factors influenced by regular physical activity 
may help reduce a person's risk of cancer by preventing tumor development and 
growth. 

Use of Tobacco 

Tobacco use is the single most important modifiable cause of cancer in most 
populations. It accounts for about 40% of total cancer incidence in the United 
States. In some countries, where use is higher than in this country, the 
percentage is even higher. Some cancers are so strongly related to tobacco 
use that they would be very rare diseases in the absence of tobacco. In the 
United States and other populations where cigarette smoking is the most 
common form of use. lung is the most prominent of these. However, other 
sites that are strongly linked to tobacco include those of the upper acrodigcstive 
tract and the urinary bladder. For some of these sites, most prominently those of 
the upper acrodigcstive tract, alcohol is an important cocarcinogen. In the 
United States, tobacco use in men has decreased over time. In a time-lagged 
pattern, incidence and mortality in lung cancer have decreased following a drop 
in prevalence of this risk factor. In many Western countries, especially the 
United States, women have continued to increase their use of tobacco after the 
rate in men has decreased. The pattern evident in men is just now emerging in 
women, and it appears that the concomitant fall in incidence and mortality will 
follow the same pattern as that seen for men. Reinforcing the idea that tobacco 
is a primary cause of many cancers is the sharp rise evident in populations, 
especially in Asia, in which many males choose to smoke. In the 2006 Surgeon 
General's Report (14]. secondhand smoke is also a concern among persons who 
are regularly exposed and is classified as a carcinogen, with no safe nonzero 
level of exposure. 

While the smoking of tobacco is the most common form of exposure in many 
parts of the world (c.g., Europe. North America, and China), there arc many other 
places (c.g.. India, other parts of South Asia) where tobacco is often chewed. Such 
exposures arc much less strongly associated with lung cancer but tend to be 
strongly related to oropharyngeal cancer. 
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Use of Alcohol 

Alcohol's primary role is as a cocarcinogcn. along with other strongly carcinogenic 
compounds such as those found in tobacco. Indeed, its most important role in 
cancer results from its strong synergistic relationship with tobacco. For some sites, 
such as the esophagus, the effect of alcohol is to strongly amplify the effect of 
tobacco, by a factor of 10 or more. Work conducted in the 1980s on the role of 
mouthwash (which is usually around 26.5% ethanol) showed that alcohol, by itself, 
is not a cause of cancer of the oral cavity or other sites of the upper aerodigestive 
tract. There is a literature showing a modest increase in breast cancer at lower levels 
of exposure (i.e.. up to about one drink per day) and a possible weak relationship 
with cancers of other sites, such as prostate. Unlike tobacco, for which there is no 
redeeming value from a public health perspective, consumption of specific 
alcoholic beverages (c.g.. red wine) may confer other health benefits. 

Sexual Behavior 

It has long been recognized that sexual promiscuity and poor sexual hygiene are 
related to several urogenital cancers, especially penile and cervical. It is now known 
that the real, underlying cause of these cancers is human papilloma vims (HPV). 
especially the high-risk or oncogenic types 16 and 1 8. Furthermore. HPV appears to 
be responsible for some oral cancers. Vaccines for some of the common types that 
cause cancer or venereal warts (type 6 and 11) came on the U.S. market in 2006. 

Meditation and Other Stress Reduction and Relaxation Practices 

Many years ago it was observed that persons with acquiescent personality types 
were more likely to get cancer and to do poorly after a diagnosis. Although the 
concept of a type C (i.e., cancer-prone) personality type has been largely 
discredited, there are elements of this hypothesis that have been, and currently 
remain, under study. Some of the most fruitful work has been conducted through 
studies of persons enrolled in programs focused on stress reduction, group support, 
or some combination of these modalities [2.3,15). 

Psychosocial Factors 

There is an overlap between practices related to “personal improvement" and 
psychosocial factors that represent more closely people's “traits" (i.e., long-term, 
stable psychological characteristics or predispositions). It is known that psycho- 
logical orientation toward potentially stressful life experiences has a strong 
influence on immune responses [16). These, in turn, can influence the probability 
of getting cancer or succumbing to the disease [17J. The observation of most 
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people who deal with cancer treatment and care on a frequent basis is that some 
people with very poor-prognosis disease do well, and conversely, some with 
good-prognosis disease do poorly. This observation is consistent with a literature 
showing that attitude and orientation to life are important determinants of 
subsequent disease course [18]. This is also consistent with an interesting literature 
on caregiver stress (c.g., a person who cares for a spouse with life-threatening 
illness), show ing that such caregivers are at increased risk of being diagnosed with 
cancer. This line of work emphasizes the importance of social support, which is 
known to affect disease course in those diagnosed with cancer. 

Socioeconomic Status and Social Deprivation 

It is well known that cancer rales move predictably across well-known socio- 
economic gradients. The most reliable predictor of outcome is education [19], which 
may be related to a variety of other health-related behaviors [20] as well as to the role 
of status in health per se [21]. Although some cancers in the United States (c.g., 
breast) are more common in the affluent, most tend to be more common in those who 
are poor. Almost without exception, cancer mortality rates per unit incidence are 
higher, usually much higher, among the poor. For example, blacks in South Carolina, 
which is one of the poorest states in the United States, have the highest mortality : 
incidence rates in the country for almost all cancers [22]. In general, people under 
economic duress also experience stress in the form of disturbed sleep, increased rate 
of shift work, worries about unemployment and loss of income, and less wherewithal 
to practice healthful behaviors. Of all the socioeconomic “predictors" of cancer, 
education is the most important. This may be due to factors ranging from life choices 
(c.g.. lower rates of tobacco use and better diet) to improved access to medical care. 

Chronobiological Factors 

Chronobiological factors, including circadian-related phenomena, are an impor- 
tant. although normally neglected, factor in most biological processes. Their 
influence extends from the development of specific cancers to their treatment. 
Cancer rales are known to vary by season and by timing within the biological 
rhythms of individuals (c.g.. menstrual cycles) [23], including the role of clock 
genes in determining cancer nsk [24]. Timing of treatment, including chemother- 
apy and surgery, may also produce drastically better results if they are optimally 
timed within circadian, menstrual, and annual cycles to maximize their efficacy 
and minimize their side effects [25,26]. 

Occupational Exposures 

Probably only a small proportion of overall cancer risk is attributable to on-the-job 
exposures. This is not to say that occupationally determined exposures are not 
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important for specific cancers and for particular types of exposures. Often, the work 
environment entails heavy exposure to chemicals and other substances that are 
rarely encountered in other settings. These may be carcinogens or precarcmogcns 
that require activation to active forms. Classic examples of such exposures include 
heavy metals such as lead, mercury, and hexavalent chromium; and organic 
solvents and other chemicals, such as polycyclic aromatic hydrocarbons, aromatic 
amines, polychlorinated biphenyls; and asbestos and synthetic fibers. In addition to 
classical exposure to chemical and physical agents, the work environment 
can influence risk by increasing psychological factors related to stress, restricting 
access to healthy behavioral choices, and simply by forcing workers to work at odd 
hours (i.c., shift work), which entails disruption of circadian rhythms. 

Studies of occupational exposures and cancer suffer from the fact that careful 
descriptions of exposure arc usually not readily available and cannot easily be 
reconstructed from historical records. Complicating studies on occupation and 
cancer is the healthy worker effect. Simply stated, people who work tend to be 
healthier than demographically similar people who do not work. So the study of 
occupational cancers is confounded by the fact that people who work arc generally 
healthy enough to do so. 


Physical Environment/Spatial Variations 

Although cancer is a genetic disease, even simple comparisons of genetically 
similar populations living in different environments (c.g.. West Africans vs. African 
Amencans and Japanese living in Japan vs. those residing in the United States) 
emphasize the importance of environment in carcinogenesis. If studies of occupa- 
tional exposures and cancer are difficult, those focusing on ambient exposures are 
even more difficult. For example, exposure estimates from residential histories and 
subjects' recalls arc notoriously imprecise. Classical examples of difficulties in this 
arena include studies attempting to study the effect of electromagnetic fields in 
breast and other cancers. Ecological approaches, however, have proven to be suc- 
cessful in identifying gross patterns of disease occurrence that have led to genera- 
ting hypotheses that have been tested in both laboratory animal studies and analytic 
epidemiologic studies. A good example of this is the observation of a latitude 
gradient for breast and prostate cancers and generation of the vitamin D hypotheses 
relating to these cancers. 


Genetic Factors 

Although cancer is assuredly a set of genetic diseases, the literature clearly 
indicates that the factors responsible for the dramatic rate differences observed 
internationally and with migration arc environmental, primarily lifestyle-related 
(6,27). Rate differences across populations are up to 500-fold for some cancers. 
100 -fold or so for many, and virtually all respond to changes in migration very 
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quickly (i.c., usually within a couple of generations) (28J. So even though cancers 
are diseases of genetic alterations, only a relatively small proportion of all cancers 
are due to major inherited susceptibility (c.g., disease-conferring mutations in 
BRCAI and BRCA2). A much larger proportion of the interindividual differences 
in susceptibility to environmental factors may be determined by low-penetrance, 
common genetic variants related to detoxification, and activation of carcinogen 
exposures and deoxyribonucleic acid (DMA) repair. 


Gene-Environment Interactions 

Given the lack of clearly dominant genetic factors in explaining much of the 
overall variation in cancer rates between populations, one of the most important 
challenges to cancer epidemiology includes identifying predisposing genetic 
factors (c.g.. polymorphisms in common genes) that interact with putative life- 
style factors (including diet, physical activity, and tobacco smoke) to modify 
risk. A huge literature on this topic has emerged. Indeed, research in this arena 
has spawned two new subdisciplines: biomformatics (to deal with the staggering 
number of permutations of genes and possible gene-environment interactions) 
and molecular epidemiology (with its focus on making sense of all of the data, 
i.c.. drawing reasonable inferences). 


Time Trends 

Of the six criteria forjudging causality that were defined by Bradford Hill [29) and 
popularized in the 1964 Surgeon GencraTs Report linking tobacco to lung cancer 
(30). only one criterion is a sine qua non : temporality. A cause must precede its 
effect. Therefore, examination of time trends either in terms of cancer rates or the 
relationship between changes in cancer rates and putative risk factors can provide 
important clues for study. Examples of fruitful exploration in this arena include the 
protective relationship between refrigeration and stomach cancer and the sugges- 
tion that transition to a higher-fat diet is related to increases in rates of certain 
cancers, including breast and prostate, in Japan (31-33). The issue of temporal 
relatedness is an underpinning of the conclusion we draw from migrant studies, 
from which we deduce that environmental factors, changes in which can evince 
their effects quickly, are much more important than genetic factors, which change 
much more slowly. 


Mortality to Incidence (M : I) Ratio 

Overall, about 43% of people diagnosed with cancer will die of the cancer with 
which they have been diagnosed (i.c., M : I = 0.43). Some cancers, such as breast 
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(21%) and prostate (19%), are much less deadly: while others, such as pancreatic 
and esophageal, are much more deadly (i.e.. M : I > 0.90). An important deter- 
minant of mortality is the stage at diagnosis. Therefore, an important strategy of 
most screening programs is to downstage disease at the time of diagnosis. Even a 
cursory examination of cancer registry data shows very clearly that mortality 
increases markedly by stage. As mentioned previously, some cancers, such as 
those of the upper aerodigcstive tract, evince a pattern of increasing virulence with 
age; others, including those that are hormone related, evince an inverse pattern. 
There are also differences in virulence by race; for example, African-Americans 
tend to have very high mortality rates for most cancers relative to their European- 
American counterparts. Age relatedness tends to be preserved in such compar- 
isons. That is. African-American men and women tend to have both more virulent 
prostate and breast cancers and they tend to occur at younger ages. 

There are a few cancers for which screening is not only effective in downstaging 
disease, but can actually prevent the cancer from recurring entirely by identifying 
and removing a prccancerous lesion. For three common cancers, screening can 
function as a primary preventive: oral cavity, cervical, and colorectal. 


CANCERS BY SITE 
Oral Cavity and Pharynx 

Oropharyngeal cancers account for about 5% of all cancers in men worldwide and 
2.5% in women. Histologically, all oral and pharyngeal cancers are squamous. 
As with the other sites of the aerodigcstive tract, these cancers are highly age 
dependent and tend to be very strongly related to tobacco exposure. Rates vary 
markedly across regions, with the highest rates in Asian populations that tradi- 
tionally chew tobacco. In India, for example, these cancers comprise about 13% 
of all cancers, as opposed to 3%* or so in the United States. Familial factors are 
suspected in these diseases. Cancers of the oral cavity are one of the sites for 
which screening can be used as a primary preventive rather than simply as a 
method of early detection (34). About 200 prccancerous lesions arc detected for 
each frank cancer found (35). DNA repair genes such as p53 appear to be 
important, as do low-penetrance genes such as these that encode enzymes 
involved in metabolism of tobacco, alcohol, and other environmental agents. 
Glutathione S-transfcrase enzymes appear to have an important role, as does the 
CYP1 family, which metabolizes products of combustion such as benzo[a) 
pyrene. Other detoxifying enzymes, such as alcohol dehydrogenase, may figure 
prominently. N- Ace ty ltrans f erases involved in the metabolism of compounds 
from cooked meats may have a role. Besides tobacco and alcohol, other possible 
factors include fruits and vegetables; iron and zinc; a number of micronutricnts. 
such as copper, iron, and zinc: and vitamins C and E and P-carotcnc. Also, there 
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may be a role for human papilloma vinis (HPV) and herpes simplex virus in Ihc 
etiology of these cancers (35). 


Larynx 

As for oropharyngeal cancers, these cancers are exclusively squamous. Cancers of 
this site arc very rare, and rates have been very stable for a long time. Known risk 
factors include tobacco, especially chewing and smoking of dark tobacco. HPV is 
also implicated in this cancer. Protective factors appear to include a diet rich in 
fruits and vegetables [36J. 


Esophagus 

Esophageal cancers are relatively uncommon. However, they tend to be fatal (M : 1 
ratio = 0.92). Rates are much higher in men than in women (about three- to 
ninefold, depending on the population), across all races. Esophageal cancers fall 
into two histologic categories. Squamous cell carcinomas, which arc convention- 
ally thought to be more strongly associated with tobacco and alcohol, tend to arise 
from the body of the proximal esophagus 137-39]. Adenocarcinomas generally 
arise from the distal esophagus, near its junction with the stomach, and are 
strongly associated with gastroesophageal reflux disease (GERD). 

Esophageal cancer incidence and mortality rates among blacks were over three 
times those of whites in the late 1980s (40.41]. This large differential emerged 
between 1950 and 1977, when the age-adjusted esophageal cancer incidence rate 
approximately doubled in blacks. Thereafter, the incidence increased slightly until 
leveling off in the mid 1980s [40.41]. During the same period, the rates of 
squamous cell cancers remained virtually unchanged in whites, and rates of 
adenocarcinomas remained relatively constant in both races [42,43]. Since the 
early 1980s. rales of squamous cell carcinomas have remained approximately 
constant in both races. However, blacks remain at a distinct disadvantage in 
relation to whites, owing to the large increases in incidence prior to the mid-1980s. 
In contrast to squamous cell cancer, adenocarcinoma rates began increasing 
markedly from the late 1980s. rising about 3 to 4% per year, with the increase 
being confined almost entirely to whites, and primarily men [42.43]. 

Across countries of the world there is marked geographic variability in the 
incidence of, and mortality from, squamous cell esophageal cancer, amounting to 
about a 500-fold difference. Within the United States. Washington. DC and coastal 
South Carolina have the highest incidence in the United States, more than twice 
the national average [44- 4 6]. The racial disparity in this disease is among the most 
pronounced of any illness in the United States and is especially evident in South 
Carolina, where the incidence among black men is 7.63 times that observed in 
white men [46]. 
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Rates of adenocarcinoma of the esophagus are higher in whites than in blacks. 
Men s rates arc about four to eight times higher than those of women, a gender 
difference about as extreme as that observed for squamous cell cancers. Esopha- 
geal adenocarcinomas arc thought to be less strongly associated with tobacco than 
is squamous cell carcinoma (42,43,47,48). In the United States, increasing obesity 
is a possible contributing factor to the rising incidence of adenocarcinoma (49). 
However, white men are no more obese than other population subgroups. One of 
the strongest nsk factors for adenocarcinoma is GERD (50), the backflow of acid 
from the stomach into the esophagus, which irritates and sometimes damages the 
delicate lining on the inside of the esophagus. If this condition remains untreated, 
it can lead to Barrett's esophagus, which is defined as an abnormal change in the 
growth of cells of the esophagus. It is generally accepted that this condition is a 
precursor to adenocarcinoma (50.51). The role of infectious agents, most notably 
Helicobacter pylori , is much less certain and more complicated. 

Stomach 

Coinciding with the replacement of other means of preservation by refrigeration, 
there has been a large global decline in the rate of this type of cancer (52). The 
decrease has been mainly for adenocarcinoma of the intestinal type. As often is the 
case, rates in men are much higher (about twice) than in women. Stomach cancer is 
strongly age related: except in Japan, it is rarely diagnosed in persons younger than 
50. There is some familial aggregation (e.g.. the family of Napoleon Bonaparte). 

//. pylori infection, in particular, is an important risk factor for the disease. Salt 
induces superficial and atrophic gastritis, and ecological studies support the salt 
hypothesis, as do several prospective or cohort studies. Consistent with the refrige- 
ration hypothesis, pickled food, nitrate, nitrite, and nitrosamines arc associated with 
increased risk. Tobacco use also increases the risk, whereas consumption of fruits, 
vegetables, antioxidants, and green tea appear to be protective. Despite consi- 
derable controversy in this area, there appears to be no c licet of collce or caffeine 
on the risk of stomach cancer. Similarly, alcohol appears to be unrelated (53). 

Despite the obvious gender imbalance, hormonal factors have not been studied. 
The inverse relationship with body height may reflect the effect of early nutritional 
status. Consistent with the inflammatory hypotheses of cancer, there is a possible 
inverse relationship with nonsteroidal anti-inflammatory drugs (NSAIDs). includ- 
ing aspirin (53). 

Colon and Rectum 

As with other cancers, age is a major colorectal cancer (CRCA) nsk factor. 
Around 90% of incident colorectal cancer occurs in people over 50. Certain 
populations arc at greater risk for CRCA. due to genetics and heredity. A family 
history of CRCA accounts for approximately 25% of cases, which suggests a role 
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for an inherited genetic trait, common exposures among family members, or a 
combination of these factors. Even after controlling for the effects of stage at 
diagnosis, comorbidities, and socioeconomic status, blacks arc more likely than 
whites to die from this cancer. Genetic differences may at least partially explain 
these observations. Differences in mismatch repair genes among African American 
populations have been observed in comparison with European Americans [54). 

Contrasts among rates of disease in different countries may provide clues as to 
nongenctic causes of CRCA and point towards effective prevention strategies. As 
for other cancers associated with affluence, such as breast and prostate, there arc 
marked international variations in the incidence and mortality rates of colorectal 
cancer (6). These geographical differences suggest that environmental factors pro- 
bably play an impoilant role in CRCA etiology. Ecological studies have revealed 
associations between CRCA rates and per capita consumption of meat, fat (positive 
correlations), and dietary liber (negative correlation) [55). The incidence in certain 
low-risk areas is now rising as these areas become more industrialized and adopt 
more Western-type diets. Furthermore, the rates of colorectal cancer in migrants 
from low- to high-incidence countries tend to increase toward the rates of host 
countries. These results further support an environmental component to CRCA risk 
and also indicate that CRCA rates arc responsive to changes in lifestyle, which can 
be used to inform potential intervention and prevention strategics. Epidemiologic 
evidence therefore supports a role for nongenctic factors, especially lifestyle (e.g., 
dietary) factors, in the pathogenesis of CRCA. 

The modifiable risk factors for CRCA include too little physical activity 
(including the lack of intentional or occupational physical exercise); nonsteroidal 
anti-inflammatory drugs (NSAIDs); calcium; a diet high in saturated fat and low in 
fiber from a variety of fruit, vegetable, and grain sources; obesity; and smoking 
cigarettes. Several studies suggest that occupational physical inactivity is a risk 
factor for colon cancer but not for rectal cancer [56). Cigarette smokers are 30 to 
40% more likely to die of colorectal cancer than arc nonsmokers. It should be 
noted, however, that tobacco use often clusters with a variety of other known risk 
factors thought to be related to disease risk [57). 

Colorectal tumors may arise from sites of chronic, asymptomatic inflammation, 
the body's natural response to infection. In general, diet is a powerful determinant 
of inflammation, and diets in the West tend to be pro-inflammatory 1 , whereas those 
in parts of the world that have higher concentrations of phytochcmicals and lower 
levels of fat. particularly the o-6 polyunsaturated and saturated fatty acids, which 
would be expected to exert anti-inflammatory effects [55). Consistent with the 
inflammation hypotheses, chronic inflammatory and symptomatic conditions, such 
as ulcerative colitis, are strongly associated with increased carcinogenesis of the 
colon. At the population level, ulcerative colitis and Crohn's disease, collectively 
known as inflammatory bowel disease (IBD). are chronic inflammatory conditions 
that are associated with increased risk for colorectal cancer [58). Similarities in 
the biological and molecular mechanisms between IBD-associated and sporadic 
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colorectal cancers have led to speculation that sporadic cancers in non-IBD patients 
may be a result of constant low-level inflammation of the bowel and that this may 
arise from interactions between the bacterial flora and the colonic mucosa (59J. It is 
important to note that CRCA is one of the cancers that can be screened for primary 
prevention. With widespread age- and race-appropriate screening, mortality from 
colorectal cancer can be reduced by about 90 to 95%. 


Liver and Biliary Tract 

Liver and biliary tract cancers represent one of the most common types of 
malignancies in the world. However, these cancers (consisting of mainly hepato- 
cellular carcinoma (HCC), cholangiocarcmoma. and angiosarcoma] arc relatively 
rare in the United States and northern Europe. There tends to be a male 
predominance of disease, especially in countries of high incidence [60]. 

The epidemiology of liver cancer, which clearly implicates infectious agents 
hepatitis B virus (HBV) and hepatitis C virus (HCV). reflects the consistency and 
importance of both descriptive and analytical studies. Aflatoxin is another known 
nsk factor, the exposure to which is much more common in developing countries. 
Alcohol is an important exposure, but mainly as a cofactor, highlighted by the fact 
that in countries with high rates of alcoholic beverage consumption and alcohol- 
ism. HCC is very rare. Occupationally, vinyl chloride and inorganic arsenic 
exposure appear to increase risk. Most clustering within families reflects shared 
nsk factors, including chronic HBV infection. Tobacco is a relatively minor factor 
in HCC. Little research has been done on biliary tract cancer because it is so rare 
and so fatal. However, we do know that obesity and high-fat diets arc associated 
with increased risk. 


Pancreas 

Like liver and esophageal cancers, pancreatic cancer is very fatal. About 95% of all 
pancreatic cancers develop in the exocrine pancreas, about two-thirds of these in 
the head of the pancreas. This is mainly a disease of the elderly [61). Because it is a 
very rare cancer, our w ork is pretty much relegated to case-control approaches. We 
do know that there are instances of family clusters, including the family of former 
U.S. President Jimmy Carter. In terms of prevention, there is a modest effect of 
tobacco; the fact that risk reduces rapidly after smoking cessation suggests that 
tobacco smoke is a late-stage component in the carcinogenic process. Diets high in 
vegetables or fruits seem to be protective. Nutrients associated with such diets, such 
as vitamin C and various antioxidants, appear to be protective. Both ecological 
studies and laboratoiy animal experiments have implicated high-fat intake as a 
factor that increases risk. 
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Lung and Bronchus 

Cancers of the lung and bronchus arc the leading cause of cancer death in both 
men and women in the United States. The predominant cause of lung cancer is 
cigarette smoking, which accounts for approximately 85% of the lung cancer 
burden [62J. On average, a patient's risk of lung cancer is determined largely by 
smoking history and age. which in turn is a major determinant of duration of 
exposure because most people begin smoking early in life [62]. Compared to those 
who quit smoking, the risk of lung cancer decreases after smoking cessation and 
continues to decrease further with longer duration of sustained cessation [63]. 
Compared to never-smokers. though, the residual risk of lung cancer in quitters 
lasts many decades, indicating that the powerful carcinogenic effects of cigarette 
smoke also have an effect in the early stages of lung carcinogenesis. Although the 
effect of primary exposure has been known for decades, the effect of secondhand 
smoke has now been implicated and has led to a variety of antismoking ordinances 
around the United States [14]. 

The substantial contribution of lung cancer to the overall mortality burden is due 
to the combined effects of a disease that has a high incidence rate and a poor overall 
five-year relative survival rate, 16% [64]. Nationally, lung cancer incidence and 
mortality rates arc much higher in men than women, but the gap is narrowing, as the 
rates in men have decreased during the past 15 years, whereas the rates in women 
have risen steadily during the past five decades [65]. There appear to be mter- 
individual differences in susceptibility, including by race. Biomarkers of tobacco 
carcinogens have been observed to be present in higher concentrations in African- 
American male smokers than in white male smokers per unit exposure [66]. 

In addition to tobacco smoke exposure, many other factors are established 
causes of lung cancer, although they account for only a small fraction of the total 
lung cancer burden. These include occupational agents such as chromium, nickel, 
arsenic, asbestos, and radon. Outdoor air pollution also contributes to lung cancer 
risk, and may be responsible for 1 to 2% of the overall lung cancer burden. 

Diet and physical activity may modify risk. Although protective associations 
have been observed with increased fruit and vegetable consumption, the specific 
constituents of fruits and vegetables that might confer protection are unknow n. The 
results of large-scale randomized primary prevention triaLs now clearly indicate that 
regular use of dietary supplements containing P-carotcnc or vitamin E docs not 
protect against lung cancer. Several studies have reported that more physically 
active individuals have a lower risk of lung cancer than those who are more 
sedentary, even after adjustment for cigarette smoking. 


Skin 

Skin cancer falls into three main categories: basal cell carcinoma (BCC). squamous 
cell carcinoma (SCC). and melanoma. Incidence of all types is much more common 
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in light-skinned persons and is much more common at lower latitudes. SCC of the 
lip is related to tobacco smoke. The most important risk factor for melanoma is 
ultraviolet light exposure. Risk is particularly high in light-skinned persons. As 
such, the most important primary preventive is avoidance of excessive exposure to 
sunlight, especially sporadic severe sunbuming. There is evidence that regular sun 
exposure that docs not result in sunburn may actually be protective. There is no 
evidence that any aspect of diet is related to BCC or SCC. However, there is a 
suggestion that antioxidant vitamins, especially those that are oil soluble, may be 
protective against melanoma [67] . 


Breast 

Breast cancer (BrCA) is the most commonly diagnosed cancer among women, and 
risk increases substantially with age [44]. It is the second-leading cause of cancer 
death among women in United States. BrCA is one of the cancers for which 
virulence is inversely related to age. Although BrCA can occur in men. women are 
at a much (» 100 -fold) higher risk of developing the disease. 

It is clear from cross-country comparisons [6,68] and migrant studies [69] that 
nongcnctic (i.e., primarily lifestyle-related) causes of breast cancer dominate as 
plausible explanations of intcrpopulation rate differences in incidence as well as 
rates of change over time. Although somewhat controversial, some studies have 
found that conventional risk factors (including those related to reproduction, 
family history, and socioeconomic status) explain less than 50% of breast cancer 
incidence (70). Lifestyle-related factors such as obesity, decreased physical 
activity, and hormone therapy use may explain a larger proportion of breast 
cancer incidence. However, these documented factors do not easily explain the 
BrCA differences between populations, including the ethnic disparities observed. 

Long-term exposure of breast tissue to estrogen plays a major role in breast 
tumor formation. Consequently, reproductive factors such as total numbers of 
pregnancies, age at first pregnancy, breastfeeding, age at first menstruation, age at 
menopause and hormone replacement therapy, which affect a woman's lifetime 
exposure to estrogen, have been shown to be strongly associated with breast cancer 
nsk. Consistent with the increase in incidence with age. most breast cancers occur 
among postmenopausal women, and several large prospective studies have 
identified an association between elevated postmenopausal estrogen levels and 
BrCA nsk. The relationship between premenopausal estrogen levels and subse- 
quent breast cancer development is more difficult to ascertain, but is supported by 
some studies. Substantial adult weight gam is associated with a decreased risk of 
breast cancer premcnopausally and increased risk postmenopausally. Various 
mechanisms can explain the effect of overweight, including increased extra- 
ovarian conversion of androstenedionc to estrone in adipose tissue, the potential 
for carcinogen storage in adipose tissue, and the contribution of hyperinsulmemia. 
Physical activity, which tends to be related to dietary behavior, also can influence 
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risk, and its impact is independent of diet and body weight. Other important and 
potentially modifiable risk factors for BiCA are alcohol consumption and smoking. 

Ethnic differences in cancer incidence and mortality within the United States 
can also provide important ctiologic clues that may not be apparent when focusing 
on studies conducted within homogeneous populations. Breast tumors in African- 
American women tend to be more aggressive even within the same size category, 
leading to poorer stage specific prognoses than in their white counterparts. Two 
distinct hypotheses have been proposed for these differences: ( 1 ) that socio- 
economic disparities in the African-American community adversely affect access 
to care and disease screening; or (2) that the biological nature of breast cancer and 
its disease manifestation are inherently worse for African-American women. 
Although a body of literature has addressed these hypotheses over the last few 
years, no clear answer has emerged (71). 


Cervix 

Within the past 20 years, oncogenic (i.e.. high-risk) genital HPV infection has 
been identified as the main etiological factor in the development of cervical cancer 
(72). There are over 100 known types of HPV, of which 40 infect the genital tract; 
however, only 15 types arc currently considered oncogenic (high-risk). Infection 
w ith one of 13 types of oncogenic HPV DNA can be detected by a U.S. Food and 
Drug Administration (FDA)-approvcd method. Hybrid Capture II (Digene Cor- 
poration. Gaithersburg. Maryland). The HPV DNA test is approved for triage of 
women with equivocal Pap test results (i.e.. atypical squamous cells of undeter- 
mined significance) and for primary screening in conjunction with Pap tests for 
women 30 years and older. 

Genital HPV infection is transmitted by skin-to-skin contact in the genital area. 
Most HPV infections arc transient, not persistent, and arc resolved within nine 
months to a year. Only persistent oncogenic HPV infection is a risk factor for 
cervical cancer. HPV infection is very common among women and their partners. 
According to the Centers for Disease Control and Prevention, approximately 20 
million people arc currently infected with HPV in the United States. At least 50% 
of sexually active men and women acquire genital HPV infection at some point in 
their lives. By 50 years of age. at least 80% of women will have acquired genital 
HPV infection. About 6.2 million Americans get a new genital HPV infection each 
year, whereas cervical cancer is very rare (<10,000 women per year) (57). Thus. 
HPV infection is necessary, but not sufficient, to cause invasive cervical cancer. 
Currently, the most effective preventive measure that a woman can adopt to protect 
herself from cervical cancer is to have regular Pap tests, with HPV DNA testing as 
appropriate. Condoms have been show n to decrease the risk of cervical dysplasia 
and cervical cancer, however, until recently, the effectiveness of condoms in 
preventing transmission of HPV has been debated. It is now known that condoms 
are effective in preventing transmission of HPV. 
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Additional cofactors that contribute to cervical cancer arc smoking, other 
sexually transmitted infections (especially Chlamydia ). immunosuppression (c.g.. 
HIV infection, other chronic comorbid conditions, pregnancy, autoimmune dis- 
orders). and dietary factors. Smoking may contribute because it leads to the 
concentration of carcinogenic substances in the cervical mucus. Also, antioxidant 
vitamins such as (J-carotcnc and vitamin C that may counteract the effect of smokc- 
bomc carcinogens may reduce the risk of cervical cancers. The hormones in oral 
contraceptives may act by modulating HPV gene expression in cervical cells. In 
addition, socioeconomic factors have been identified as correlates of cervical 
cancer mortality, in particular. 

Endometrium 

Endometrial cancer is a common malignancy in the West that occurs late in life 
(i.e.. postmcnopausally) and tends to have an excellent prognosis. This cancer is 
very sensitive to hormone signaling and is therefore affected by the range of factors 
that affect exposure to hormones, including past oral contraceptive use, reproduc- 
tive history, obesity, smoking, energy imbalance, and physical activity [73]. 

Ovaries 

Ovarian cancer docs not have established precursor lesions and women generally 
present at a very late stage (74). As with most hormone-sensitive cancers, incidence 
is generally much higher in developed countries than in less-developed regions of 
the world. The most strongly associated factors arc those related to reproduction. 
Reduced risk is observed with increasing parity (reduced nsk with increasing parity 
and with higher age at first parity: this effect diminishes with time) and breast- 
feeding. Risk increases w ith increased lifetime ovulatory cycles, including due to 
oral contraceptive (OC) use and postmenopausal hormone replacement therapy 
(HRT) [75 J. Although only a small proportion of ovarian cancers arc associated 
with a positive family history, such history does confer a 2- to 10 - fold increase in 
nsk. Dietary factors arc suggested as important based on international comparison 
studies. For example, intake of total fat is highly correlated (r — 0.79) with ovarian 
cancer mortality (6). 

Prostate 

Prostate cancer (PrCA) is the most commonly diagnosed cancer among men in the 
United States, accounting for 30% of all male cancer diagnoses. About one out of 
five American men will have a diagnosable PrCA sometime dunng his life (44). 
Based primarily on autopsy results. PiCA appears to be much more common than 
published incidence data would indicate (76). In fact, were screening to continue 
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past age 74 year;, virtually all men in the United States would be found to have 
pathological or histological evidence of the disease. Despite the relative indolence 
of the disease, especially in older men. PiCA is a major cause of cancer-related 
deaths, second only to lung cancer among men in the United States as a whole (44). 

Although PrCA tends to be a relatively indolent disease (M : I ratio =s 0.19). 
studies also have shown that African-American men are at significantly higher risk 
than white men for being diagnosed with advanced-stage prostate cancer. They 
also tend to be diagnosed with more aggressive disease at younger ages. Racial 
disparities are larger for PiCA than for any other common cancer in the United 
States. For example, the incidence rate is 55% higher in blacks than in whites and 
the mortality is about 1 .5 times higher; both rates arc about 50%’ higher in South 
Carolina (where the African gene pool is more strongly preserved) than for the 
nation as a whole (77). 

Given the higher rates of PiCA, the migration toward lower ages and the related 
tendency to be diagnosed with later-stage disease, it has been suggested that 
efforts aimed at early detection may be a better strategy in black men than in their 
white counterparts. Since the inception of widespread prostate-specific antigen 
(PSA) screening in the early to mid-1990s, mortality in white men has dropped by 
about 12%. However, in the same period it has risen in black men by around 20%. 
This highlights the fact that screening for PiCA and issues related to informed 
decision making arc more controversial for this cancer than for any other. Essen- 
tially. the debate revolves around issues of disease aggressiveness and its relation- 
ship to age: essentially the tension between overtreatment of indolent disease and 
undertreatment of aggressive disease. In the early 1990s the American Cancer 
Society and the American Urological Association advocated that all men over 
50 years of age receive PSA tests annually (78). This recommendation was 
opposed by specialty groups of primary care physicians: the American College of 
Physicians, the American Academy of Family Physicians, and the United States 
Preventive Service Task Force (79). The majority of physician organizations 
oppose routine prostate cancer screening, whereas most community-based orga- 
nizations such as the Prostate Cancer Foundation and the American Foundation for 
Urologic Disease have recommendations for screening that include modifications 
for differences in age. race/ethnicity, and family history. 

The reasons for the large racial disparities in PiCA incidence and mortality arc 
not yet understood, but point to important clues. Dramatic international variations in 
age-adjusted incidence and mortality rates provide hints to the etiology of prostate 
cancer (7). Japanese men have much lower PiCA incidence and mortality rates than 
those for Americans. However, upon migration to the United States their rates 
increase four- to ninefold within one generation and approximate American rates by 
the second generation (80). The clear dominance of environmental (i.e., nongenebe) 
factors in “explaining* 1 rapid changes in incidence should not. however, lead one to 
underestimate the role of genetic factors in determining risk profiles, either 
individually or across races (or other identifiable population subgroups). There 
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may very well be subsets of the population that arc particularly sensitive to the 
influences of environmental factors because of their genetic constitution. 

Epidemiologic studies that have used different study designs suggest that 
among environmental influences, dietary factors constitute the most important 
of modifiable risk factors. Total fat and meat consumption is associated with 
overall increased incidence of prostate cancer as well as with incidence of more 
aggressive tumors. Saturated fat, primarily from meat and dairy intake, is the most 
strongly associated fat subtype (81]. Conversely, intake of whole grains and soy 
products is associated with decreased mortality [7]. In cross-national comparison 
studies of both prostate and breast cancers, we can use “disappearance data* 1 (i.c., 
the difference between population-level estimates of production 4* imports - 
experts - estimates of food wastage) to estimate population-level estimates of 
food intake. Using these data, which are available from United Nations sources, 
wc have been able to explain up to 90% of variability in mortality with dietary 
factors accounting the vast majority of the variation (7]. Results from laboratory 
animal experiments are consistent with the findings of the international studies: 
Fat restriction has been shown to inhibit growth of transplanted prostate cancer 
cells in rodents (82). Preliminary evidence also suggests that PrCA may continue 
to be sensitive to dietary factors even after development of metastases. Substantive 
dietary changes, marked by adoption of plant-based diets, have been associated 
with prolonged survival and instances of remission of bone metastases in men with 
advanced disease. 

Unlike dietary factors, there is no repository of physical activity “disappear- 
ance" data that can be used to exploit the huge variations in cancer rates observed 
across countries of the world. Recent reviews of the physical activity (PA) and 
PiCA association have therefore had to rely exclusively on results of studies 
conducted at the level of the individual. Using criteria previously used to assess 
diet-cancer relationships, the association was “probable." based on findings that 
15 of 26 published studies demonstrated that higher levels of activity are 
associated with reduced nsk and that 9 of 19 reported a dose-response effect 
(83). In a review of studies that have assessed obesity with PrCA mortality, higher- 
grade and advanced-stage disease have consistently produced results showing that 
obesity may not increase the nsk of PrCA. but rather, promote growth of the tumor 
once established. Biologically active polypeptides called adipokines have been 
linked to a number of carcinogenic mechanisms, such as cell proliferation, 
metastasis, and alterations in sex-steroid hormone levels [84]. 


Testicles 


Testicular cancer, which should not be confused with scrotal cancer, consists of 
two main histological types, seminomas and nonseminomas. The disease usually 
presents as a painless mass on the testicle. Unlike many cancers, testicular cancer 
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incidence peaks at around age 30 years and then declines to about zero by age 
60 years. For this reason, it is thought that exposures early in life arc most 
important. The early age of onset among familial cases as well as the high 
proportion of bilateral cancer indicates a genetic component. Work is being 
conducted to sort out the molecular epidemiology of the disease. Currently, only 
age, region of residence, ethnic group (Western Europeans and Europe an- Amer- 
icans have the highest rates of disease), time, and “age cohort” effects (the disease 
is evincing of strong tendency to increase over time) and cryptochordism (RR ^ 5 
for undescended testicles) are established nsk factors (85). 


Urinary Bladder 

Urinary bladder cancer is much (three- to nine-fold) more common among men 
than women. It is one of the cancers most strongly associated with occupational 
exposures. The occupations that arc strongly linked with bladder cancer include 
painting, machining, mechanical work in the metal industry, textiles. leatherwork. 
dry-cleaning, and transportation. The agents that appear to be the most strongly 
related to bladder cancer are aromatic amines, polyaromatic hydrocarbons, and hair 
dyes. In Western countries such as the United States, transitional cell carcinomas 
constitute about 95% of all cancers of the site. The remaining 5% or so include 
squamous cell carcinomas, adenocarcinomas, and other minor histological types. 
Incidence is highest in Western Europe and North America and tends to be much 
lower in Asia (probably in Africa as well; however, incidence registration is so poor 
there it is difficult to know with much certainty). Tobacco, particularly in the form 
of cigarette smoking, is the most important established risk factor for bladder 
cancer. In terms of dietary exposures, the only consistent findings are for the 
protective effects of vegetables (86). 


Kidneys 

Kidney cancer is one of the first cancers for which obesity was observed to be an 
important nsk factor (87). Cigarette smoking is responsible for up to 40% of 
kidney cancers in high-risk countnes. Asbestos is the only established occupational 
exposure. Physical activity is probably important both in terms of direct effects and 
the indirect effect on body weight. Intake of fruits and vegetables is probably 
protective. 

Brain and Nervous System 

Brain and nervous system cancers represent a set of diseases of diverse histological 
type. Primarily from work in atomic bomb survivors and other nomntentional 
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exposures (88], we know that ionizing radiation is one of the few known causes of 
these cancers. In general, exposures in childhood seem to be more important than 
those later in life. Occupational exposures, including parental exposures to solvents 
such as vinyl chloride and electromagnetic fields may be important for childhood 
cancers (89]. Other modifiable risk factors have not been identified. One clue, 
however, is the secular trend toward higher rates in cohorts of people born after the 
early decades of the twentieth century. Currently, there is little evidence to suggest 
that the increased incidence in older people is explained by improved access to 
medical care, including better methods of diagnosis [90]. 


Thyroid 

Most (i.c., 90%) thyroid cancers are epithelial (of these 50 to 80% are papillary; 15 
to 20% arc follicular). In addition, there is a small minority of medullary and 
anaplastic tumors. Although variable, survival is excellent in general, with a 90% 
live-year survival rate. Unlike most sites, the incidence is highest in younger 
people (especially those under 40 years old). The disease is more common in 
women, especially those in the reproductive ages. There is a weak suggestion of 
familial aggregation. Dietary and supplemental iodine may be a risk factor. An 
extensive literature on the subject shows that ionizing radiation is the only known 
cause (91). 


Lymphomas and Leukemias 

Hodgkin's lymphoma accounts for about &% of all lymphomas. It is one of the 
most curable types of cancer. Rates have been very stable over time. There are 
variations in age (with a young adult peak, then a rise again at about 60 years of 
age), gender ( 10 to 45% higher in men), and a socioeconomic gradient indicating a 
strong environmental role. Epstein-Barr virus may be important at young ages. 
Incidence also has been associated with occupation in the wood industry [92]. 

Non-Hodgkin's lymphoma represents a very heterogeneous group of diseases. 
Rates arc increasing very rapidly in many parts of the world and arc highest in 
United States. Incidence is 40 to 70%’ higher in males and in whites than in 
blacks. Incidence increases progressively with age, in a pattern more typical of 
most cancers. Regarding occupation, there is nothing conclusive. Well-estab- 
lished risk factors such as immunosuppression, autoimmunity, and HIV explain 
only a small proportion of cases; therefore, the rapid worldwide rise in incidence 
is perplexing (92]. 

Leukemias represent a variety of soft-tissue cancers. As is the case for Hodgkin’s 
disease, there is not a monotomc increase in incidence with age. There arc two 
childhood peaks and another peak again in late adulthood. Currently, most (>70%) 
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childhood leukemias arc treated effectively. By contrast, we know almost nothing 
about preventing these cancers. Growth hormone seems to be important, however. 
Benzene appears to increase risk in adults (93]. 


FUTURE DIRECTIONS 

The Problem of Type III Error 

Type III error results from a faulty conception of how the world works, or selection 
of a study design that produces an answer (even if correct) to the wrong question . 
Unlike type I error (denoted by the p-valuc of a statistical test on the effect of a 
putative “risk factor” in relation to a disease outcome and defined as accepting the 
alternative hypothesis of an effect on the assumption that the null hypothesis of no 
effect is true) and type II error (also known as statistical power ( 1 — P) and defined 
as accepting the null hypothesis of no effect on the assumption that the alternative 
hypothesis is true], no statistical tests exist for type III error. Type ID errors arc 
therefore not tested, but are probably very common. Future research will have 
to overcome this ubiquitous problem that has plagued analytic epidemiologic 
studies. 


Health Disparities: Population Difference 

As noted, many of the clues that guide our understanding of cancer causation come 
from comparisons of populations and subgroups within populations that have 
divergent rates of cancer. Unfortunately, observations made in descriptive studies 
rarely are tested adequately in analytical epidemiological studies. Subjects 
recruited for study represent those who arc easiest to enroll, from a number of 
sociodemographic perspectives, rather than those who might be more likely 
to provide explanations for large rate differences. Challenges of the future will 
entail getting off the “epidemiologic beaten path” in order to understand why 
some populations suffer cancer rates far in excess of what their exposure levels 
would suggest (5). 


Community-Based Participatory Research (CBPR) 

CBPR holds great promise for engaging those individuals and groups at especially 
high risk of certain diseases. Unless we do this, we will continue being in the dark 
regarding the true underlying causes of most cancers. CBPR is a process wherein 
the community is actively engaged in the actual design of the research (94]. 
Because community members arc partners in the process, the likelihood of asking 
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the right questions is enhanced and recruitment will surpass the usual low* rates 
experienced in epidemiologic studies. 

Gene-Environment Interactions 

Although cancer is assuredly a set of genetic diseases, we know that the factors 
responsible for the dramatic rate differences observed internationally and with 
migration are environmental, primarily lifestyle-related (6.27). One of the most 
important challenges to the field of cancer epidemiology is to identify predispos- 
ing genetic factors (c.g., polymorphisms in common genes) that interact with 
putative lifestyle factors (including diet, physical activity, and tobacco smoke) to 
modify nsk. This is a challenging field, especially daunting in terms of the number 
of permutations possible for interactions among genetic and environmental 
factors. This will necessitate undertaking large studies in the future, and devel- 
oping and using state-of-the-art statistical methods to manage the data in order to 
answer important questions about gene-environment interactions in relation to 
cancer causation. 
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OVERVIEW 

In this chapter we immodestly take on the challenge to create a layperson's 
medical road map with explicit directions for searching and finding databases that 
provide clear information on cancer prevention, detection, and diagnosis. How to 
access the most extensive listing of past, present, and future cancer clinical trials is 
also provided. Since the reader is the starting point, success in selecting an 
accurate route to the desired information destination will depend in no small 
measure on your involvement as a “smart traveler." 

However, locating an information source alone docs not make you a smart 
traveler. How does the consumer know that the information can be trusted? Some 
guidelines from the Medical Library Association arc provided to help you evaluate 
a relevant site and to ensure that the information is not a product sales pitch— or 
worse, that the information is wrong and may be harmful. 
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1. Sponsorship. Can you easily identify who publishes a site? The web 
address may be helpful: .gov tells you that a government agency has 
responsibility for a site's information; .edu % an educational institution; and . 
org . a professional scientific or research entity. Commercial sites have .com 
in the address, and although some of these sell products, many do have 
credible information. You need to determine who funds a .com site. 

2. Currency. Check to make sure that the site is updated with the newest 
information about the disease. The dates and the latest revisions are clearly 
posted, usually at the bottom of the page. 

3. Factual information. The statements should be factual and not opinions, 
and easily verifiable from primary information sources such as the profes- 
sional literature. 

4. Audience. Look to sec if the site is for a health professional or an 
information consumer. Many sites have materials for both, so be sure to 
check so as to make a selection with which you arc comfortable. 

5. Ethical commitment. The Health on the Internet Foundation Code of 
Conduct (HONcodc) for medical and health websites (http://wwM.hon. 
ch/HONcode/) specifics eight principles intended to hold website devel- 
opers to basic ethical standards and to make sure that consumers always 
know the source and purpose of the data they arc reading. Participation is 
voluntary throughout the world, but sites displaying the foundation's 
symbol are generally considered credible sources of information. Unfortu- 
nately. the number of sites participating is small. 

In the presentation, we attempt to adhere to Albert Einstein's admonishment: 
“Everything should be made as simple as possible, but not simpler." 


CONSUMER INFORMATION RETRIEVAL 

In the annals of medical practice, never has there been such an extensive direct 
linkage of patients ( consumers ) to medical information as exists at present. 
Newspapers, magazines, and television advertise drug information, almost indis- 
criminately. direct to consumers. In addition there is on line prescription shopping. 
The frequently used headline. "Ask Your Doctor" is followed by an A-to-Z list: 
Alzheimer's, breast cancer, elevated cholesterol, erectile dysfunction, migraine, 
rheumatism. But even these commercial ventures arc but the proverbial drop in the 
bucket compared to the information on patient-centered health care available free 
on the Internet. Now that patients arc regarded as active consumers, they also take 
on the responsibility of decision making for their own and their family's health 
care. This requires new health literacy and new skills to access the literature. And 
therein lays a problem. 
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“ Information* ' (gathering, storing, retrieving, evaluating) is the second- 
largest industry worldwide, surpassed only by the manufacture of machinery 
for waging wars. In medicine, the global growth is at the speed of light (there are 
over 26,000 clinical journals alone). Where docs all this information come from? 
Major sources beyond commercial publications are books, libraries, librarians, 
physician records, patient records, government documents, websites, and for 
most diseases there are national organizations that communicate tailored, 
updated medical information. For nonprofessionals who seek information, 
insight, and help with a disease, navigating the paper and electronic literature, 
vast beyond imagination and frequently highly technical, can be a major hurdle. 
The largest percentage of persons seeking information are those who. randomly 
and intermittently, wish to learn about minor issues such as headaches, weight 
gain or loss, and skin care. Those with chronic ailments arc the most regular 
seekers of health information. The beginners are usually persons newly diag- 
nosed with a serious health condition. Regardless of which group you fall into, 
the steps for self-teaching, self-improvement, and continuing education, beyond 
“googlelization,” arc similar. 

The cornerstone to becoming a wise and active health consumer is motivation. 
Once you jump-start an initiative to know . you will find many avenues to target 
information. By far the most heavily used resource today is the Internet. (Currently 
there are between 15 and 30 billion web pages and over 1 billion Internet users. On 
one Sunday alone (2/25/07), 100 million users were clocked on Pandia Search 
Engine News.) You can zero- in on a specific drug that will list benefits, use. and 
cautions: listen and see professionals discuss diagnosis and treatments: join support 
groups and hear stories from others who have similar health problems: and learn 
strategics for choosing proper providers and hospitals. The bottom line is that all 
this information will help you to ( 1 ) learn valuable details about a disease. 
(2) understand how quality care is measured, and (3) assess the quality of health 
care you are receiving so that you can make informed decisions. 

Be wary — market research has shown that very attractive websites arc used 
more often than ones that do not have flash and dazzle that attract attention. A 
sensible first place to start your search, if you have been diagnosed or someone in 
your family has been diagnosed, is to ask your doctor where to look. Many studies 
arc available that describe how physicians handle patients who come armed with 
Internet information. Two examples arc: 

• Potts HWW. Wyatt JC. Survey of doctors' experience of patients using the 
Internet. J Med Internet Res 2002*,4(l):e5; http^/www.j mir.org/2002/ l/e5/. 

# Ahmad F. Hudak PL. Bercovitz K. Hollcnberg E. Levinson W. Are 
physicians ready for patients with Internet-based health information? J 
Med Internet Res 2006:8(3):c22: http://www.jmir.Org/2006/3/e22/. 

Interaction between the informed patient and the physician will be more 
“helpful” and less challenging if the patient and his or her advocates use trusted 
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information sources on the Internet (Figure 14.1). In the last analysis, the 
consensus by health providers is that the benefits of searching for information 
outweigh the problems that physicians voice about Internet information. 

The very large hospitals all have websites with plentiful information. Many 
have separate pages for the beginning search on all varieties of cancer: bone 
marrow transplant, breast cancer, cutaneous cancer, gastrointestinal cancer, 
genitourinary cancer, gynecologic cancer, head and neck cancer, metabolic 
oncology, hematology, neurological cancer, pain and palliative care, pathology, 
psychosocial oncology, radiology, radiation oncology, sarcoma, and thoracic 
cancer. “Surviving cancer** types of sites will provide a patient with a place to 
start to collect information before moving on to more detailed information. 

What is detailed or full information? Some of the components that make up a 
full complement of information about the disease that is affecting the patient arc 
stored in a variety of places. For example, patient data collected in a health care 
setting include diagnosis, lab tests, and treatment regimen. All of these bits of 
information arc helpful. Increasingly many hospitals are making all information 
available through a patient record system that allows patients to view their own 
health records, such as the Beth Israci/Deaconcss Hospital in Boston (http:// 
bidmc.harvard.edu). These personal patient sites (https://www.paticntsitc.org/) 
provide appointment schedules, doctors involved, financial accounts, referrals, 
test results, and complete medical records. The patient can learn about her or his 
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current condition; the etiology, diagnosis, prognosis, and therapies that are 
available; and risk factors. There arc also links to learning centers about diseases, 
drug information, exercise and fitness programs, and medical dictionaries to 
decipher the medical jargon. 


Information Sources and Retrieval 

Patient records, hospital records, insurance records, scientific articles, books, and 
bedside practice reports by caregivers arc major suppliers of information. 
Although we are in the “Google*' generation of access, a serious problem is 
that the availability of high-quality information is not always in the open-access 
arena. Many journal articles in the scientific literature arc only accessible through 
institutional subscriptions in hospital libraries, clinical research settings, and 
universities. Moreover, the prices of these subscriptions have increased well 
beyond inflation and certainly beyond the financial value to the lay consumer. 
Not all institutions provide access to this literature or patient's records. Never- 
theless. your health care professional can help you to find open-access publica- 
tions that arc available for unrestricted use. distribution, and reproduction 
(provided that the original work is cited properly). The “Public Library of Science 
Medicine" is an example of a publication by authors who place their article in an 
open-access journal so that it is freely available over the Internet. These publica- 
tions are also able to be archived in institutions repositories, such as PubMcd- 
Central.gov. whose mission is to archive this information and make it freely 
available over the Internet for generations to come. There arc many players in the 
open-access movement apart from physicians, such as librarians, scientists, 
publishers, funding agencies, legislators, and consumer groups. In the last 
analysis, the consensus by health providers is that the benefits of searching for 
information outweigh the problems. 

Many websites stay active for very short periods of time. A report aired by the 
Kansas Public Radio in October 2006 notes that in two years, the average life of a 
website diminishes drastically: One-half of the .com sites are lost, one-third of the 
.edu sites arc gone, and one-tenth of the .gov. sites disappear, so you must keep a 
critical eye on the websites and their longevity. Listed below arc 14 sites that have 
longevity and credibility. 

1. http://mcdhncplus.gov is the most-trusted authoritative source for quality 
and accuracy of content for health information most suitable for the 
nonprofcssional. This site is a service of the U.S. National Library of 
Medicine (NLM). National Institutes of Health (NIH). The primary purpose 
is educational, and the information is current and consistently available. 
There arc many special features on this site, such as diagrams, a glossary, 
health news, links to videos, tutorials and e-mail updates, and Really Simple 
Syndication (RSS) feeds to keep you up to date on the latest information on 
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your particular clinical interest. This site also features the local resources for 
health-related issues, libraries, organizations, and international sites from 
Canada and Australia. ALso provided is information on care giving and 
advocacy from the National Rehabilitation Information Center. 

2. The NLM also provides a database on clinical trials <http://www.clinical- 
triaLs.gov). This site provides information about federally funded and 
privately supported clinical research with human volunteers. You can 
find information on whether a clinical trial is still open for volunteers, 
how to participate, the different types of cancer trials, explanations of 
informed consent, placebo groups, past trial results, and future trials. For 
the latter, the site provides contact information, dates, location, eligibility, 
and other pertinent information. The Cancer Trials from the National 
Cancer Institute (NCI) arc the U.S government's focal point for clinical 
triaLs on cancers: http://www.cancer.gov/cUnicaltrials/. 

3. NCI Clinical Trials Education Series provides publications, such as self- 
paced workbooks, slide programs on CD-ROM. booklets, and videos, for 
individuals and health care professionals to understand clinical trials: http:// 
www.ixi.nih.gov/chmcaltrials/rcsourccs/cIinical-trials-education-serics. 

4. The Veterans Administration and NCI provide information on their inter- 
agency partnership agreement in clinical trials for cancer especially 
valuable to veterans: http://www.va.gov/canccr/. 

5. The U.S. Food and Drug Administration (FDA) Cancer Liaison Program. 
Office of Special Health Lssues with NCI, answers questions directed to FDA 
by participants, their families, and participant advocates about therapies 
for life-threatening diseases: http://www.fda.gov/oashi/canccr/cancer.html. 

6. National Cancer Institute. Office of Liaison Activities, “Understanding 
NCI: Toll-Free Teleconference Scries 0 : http//ola.cancer.gov/activitics/ 
teleconferences. 

7. The other area of research that is important to these trails is the Information 
of Bioethics sites from the Office of Extramural Research (OER), NIH. 
OER provides information on policies and regulations. Institutional 
Review Board resources, guidance for clinical investigators, research 
resources, and courses and tutorials on bioethical issues in human studies: 
http://www.nih.gov/sigs/bioethics/. 

8. The NLM compiled a comprehensive bibliography from 1989 through 
November 1998, “Ethical Lssues in Research Involving Human Partici- 
pants 0 : http://www.nlm.nih.gov/archivc/2006 12 14/pubs/cbm/hum_cxp.html. 

9. U.S. Department of Health and Human Services (HHS) Office of Human 
Research Protection (OHRP). OHRP provides a guide and training materi- 
als on regulations and procedures governing research with human subjects 
and includes a guidance document on financial relationships in clinical 
research: http://www.hhs.gov/ohrp/. 
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10. Worthy of repetition are two valuable and important websites for non- 
health professionals: MedlincPlus.gov and Clinical Trials: http://www. 
nlm.nih.gov/medlincplus/clinicalthals.html. An other site that lists clin- 
ical trials is the Thompson Site Center Watch, a Clinical Trials Listing 
Service that includes more than 41.000 active industry- and government- 
sponsored clinical trials, as well as new drug therapies in research. Center 
Watch covers clinical research worldwide and is an open site: http://www. 
ccnterwatch.com/. 

1 1 . Genetic Home Reference (http://ghr.nlm.nih.gov/) is a consumer-friendly 
web resource about the effects of genetic variations and information about 
the genes associated with those conditions. If you search for breast cancer 
on this site, it explains how these cancers could be caused by mutation in 
particular genes, such as BRCAl or BRCA2 and variations of the ATM % 
BRCAI , BRCA2 , CHEK2 % and RADSI genes, which increase the risk of 
developing breast cancer. This web resource is a great help in under- 
standing basic genetic principles. 

12. Cancercare (http://www.canccrcaie.org) is dedicated to helping advanced 
cancer patients and their families and friends. Many of the publications 
are in Spanish and Russian and deal with a wide range of cancer topics. 
This site provides free professional support services to anyone affected 
by cancer and has a number of publications and telephone workshops 
on medical, emotional, and practical concerns, along with some online 
counseling. 

13. Many universities have a website that deals with the treatment of cancer, 
one example being. ONCOLINK from the University of Pennsylvania: 
http://www.oncolink.upenn.edu. This site has information on types of 
cancer, treatment, coping, care plans, and so on. 

14. Memorial Sloan Kettering Cancer Center (http://www.mskcc.org) is one 
of the most extensive websites, with menus for each type of cancers that 
gives an overview, risk factors, screening, diagnosis, surgery, systemic 
therapy, radiation therapy, clinical trials, and survivorship and support 
information. 

Top Cancer Websites Recommended by the 
Medical Library Association 

Not withstanding the redundancy, the reader may be interested in another 
evaluation, a list by librarians from the Medical Library Association (MLA). 
The MLA has issued a guide that helps identify health information on the web that 
is credible, timely, and safe: http://ww’w.mlanet.org/resourccs/uscrguide.htmI. 
Anyone searching for information using their favorite search engine (c.g., Google. 
Yahoo) knows that a simple search on “cancer” will bring up an overwhelming 
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number of “hits/* By simply learning to use their advance search capabilities and 
combining terms such as “breast cancer*' and “drug therapy" will return a more 
precise list of hits. Librarians also recommend that you look at the general health 
information-finding tools, such as MEDLINEPLUSMEDLINEPLUS (http:// 
www.mcdlincplus.gov). produced by the National Library of Medicine, or 
Hcalthiindcr (http://www.healthfmder.gov) from the HSS. which can get you 
started by pointing you to good, credible health information quickly. These 
librarians search the web everyday for good-quality information that is sale and 
reliable, so their list of sites is a “trusted information source." 

Since most of the health-related information that you do find from credible 
sources is highly technical, the MLA has published a “Deciphering Mcdspcak" 
brochure, which you can obtain by sending an e-mail to info@mlahq.org. 

1 . The American Cancer Society (http://www.cancer.org/) supports education 
and research in cancer prevention, diagnosis, detection, and treatment. The 
web pages provide news, information on types of cancer, patient services, 
treatment options, sections on children with cancer and living with cancer, 
and cancer statistics. The site is also available in Spanish. 

2. The Association of Cancer Online Resources (http://www.acor.org/) has a 
mission to provide “varied and credible" information to cancer patients 
and those who care for them through the “creation and maintenance of 
cancer-related Internet mailing lists and web-based resources." ACOR 
currently offers access to nearly 100 public e-mail cancer support groups as 
well as ACOR-suppoitcd websites. 

3. Cancer Care. Inc. (http://www.cancercare.org/) is a nonprofit organization 
“whose mission is to provide free professional help to people with all 
cancers through counseling, education, information and referral, and direct 
financial assistance." The site maintains links to support, educational, 
treatment, and information services. Information is also available in 
Spanish. 

4. CanccrNet-National Cancer Institute (http://cancer.gov/cancer_information/), 
produced by the National Cancer Institute of the National Institutes of Health, 
provides information on types of cancer; treatment options: clinical trials; 
genetics, causes, risk factors, and prevention; testing; coping, and support 
resources. It also provides free access to the PDQ and Cancerlit databases. 
The site is also available in Spanish. 

5. Families of Children with Cancer (http://www.fcco.org/rcsources.html). 
located in Toronto. Canada, is a support and advocacy group for families 
living w ith the effects of childhood cancer. The web page has a wide variety 
of links to Internet information sources on pediatric cancer, including basic 
information, treatment and research centers, community organizations, 
personal web pages, and a chat support line. 
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6. The Intcrcultural Cancer Council (http://iccnetwork.org). produced at the 
Texas Medical Center in Houston, has as its goal the elimination of “the 
unequal burden of cancer among racial and ethnic minorities and medically 
underserved populations in the United States/* It provides news, press 
releases, links to cancer information sites, and a calendar of upcoming 
events. 

7. Oncohnk (http://oncolink.upenn.edu/) is a collection of Internet resources 
on the prevention and treatment of cancer maintained by the University of 
Pennsylvania Cancer Center. The site includes news, book reviews, and 
disease and patient support links. 

8. Women's Cancer Network (http://www.wcn.org/) is the official site of the 
Gynecologic Cancer Foundation: physicians “dedicated to preventing, 
detecting and conquering cancer in women." It has information on the 
organization, the types of cancer that affect women, cancer risks for 
women, and a search engine to locate gynecologic oncologists. There are 
also links to related sites, publications, and support groups. 


CONCLUDING REMARKS 

There is a wealth of available information to assist you in making personal and 
family health-related decisions (not surprisingly. 80% of all health decisions are 
made by women). The benefits of being an active consumer exceed the difficulties. 
People who stay in the health-learning mode fare better clinically, arc less 
depressed by their illness, require less hospitalization, arc more comfortable in 
participating in care, and have financial savings. “A journey of a thousand miles 
starts with the first step." We optimistically anticipate that this chapter will help to 
make you a smart traveler. 

Caveat: As expected, no system is without flaw’s, and caution and conservatism 
are highly recommended in decision making. There is no simple solution for the 
consumer to separate the “good" from the “bad." Nor is it any consolation that 
even highly trained professionals face a similar situation. Data are never wTong. 
but interpretations arc not always foolproof. General and even health literacy is no 
guarantee that you will understand the language on a prescription or on a consent 
form. What if you arc faced with a decision related to a new treatment or a new 
diagnosis? Our advice is to question . . . question . . . question! Do not shy from 
asking your physician, nurse, therapist, and pharmacist about any clinical or 
financial aspect that you do not understand clearly. Remember, it is far, far better 
to be embarrassed than to be sorry. 
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